1. Introduction {#sec1}
===============

Most of the known proteins synthesized by ribosomes through the translation of mRNA are modified in a process known as posttranslational modification (PTM). PTMs are regulatory processes which have a significant role in the functional diversity, stability, and interactions of proteins with other molecules. These modification processes include physical and chemical changes of a protein or its particular amino acid. The physical modification involves protein folding facilitated by a chaperone protein, while the chemical modification has a different mechanism and different forms. The common forms of PTM are trimming or proteolysis, ubiquitination, and covalent modifications. There are different types of covalent modifications of the protein, which occur by the addition of chemical groups such as in phosphorylation, acetylation, hydroxylation, and methylation. The addition of a complex molecule is another mechanism of PTM, like glycosylation, AMPylation, and prenylation. The modification of amino acids is also another form of PTM, which involves deamidation, eliminylation, and citrullination. In this review, we will consider the citrullination process that is catalyzed by calcium-dependent enzymes known as peptidylarginine deiminase enzymes (PADs) since it is important in the induction and subsequent diagnosis of autoimmune disorders. Furthermore, the autoimmune responses attributed to citrullinated proteins will be involved. In addition, this review will shed some light on the prevalence of citrullination-related diseases in the Saudi population.

2. Data Collection {#sec2}
==================

2.1. Search Strategy and Study Selection {#sec2.1}
----------------------------------------

For data collection, we conducted an electronic search for the identification of comprehensive studies and eligible data. We searched the Medline database through PubMed and Scopus databases to obtain related articles published up to November 2018. The articles used were scanned based on titles and abstracts. The following subject terms were used in the search: *Citrulline*, *Citrullination*, *Anti-CCP*, *PAD*, *Peptidylarginine deaminase*, *antimutated*, *antimodified vimentin*, *autoimmune disorders*, *Saudi Arabia*, or *combined autoimmune disorders*, *Saudi Arabia*. All these keywords alone or combined with*Rheumatoid Arthritis*, *Multiple Sclerosis*, *Alzheimer\'s*, *Systematic Lupus Erythematosus*, and *Myelin demyelination* were used. Then, the data were classified according to different categories: epidemiology, clinical features, laboratory values, management, and reviews.

2.2. Data Presentation {#sec2.2}
----------------------

The analytical data are presented in Tables [1](#tab1){ref-type="table"}[](#tab2){ref-type="table"}--[3](#tab3){ref-type="table"}, and clinical features are presented in Tables [4](#tab4){ref-type="table"} and [5](#tab5){ref-type="table"}. In addition, studies that indicate the prevalence of diseases in the Saudi population are presented in Tables [6](#tab6){ref-type="table"} and [7](#tab7){ref-type="table"}. Serological tests obtained from related studies are presented inTables [8](#tab8){ref-type="table"} and [9](#tab9){ref-type="table"}. Eventually, a total of more than 400 studies were identified through our literature search.

3. Citrullination {#sec3}
=================

Citrullination is a chemical process and has a significant role in different physiological processes which are involved in many pathological diseases. Citrullination or deimination is a posttranslational modification of protein in which arginine amino acid is converted into citrulline amino acid. This process is catalyzed by peptidylarginine deiminase (PAD) enzymes, which are activated by high calcium (Ca^++^) concentration. The protein citrullination process was first detailed by Rogers and Simmonds in 1958 \[[@B1]\] as the process in which peptidylarginine is converted to peptidylcitrulline. Citrulline is a nonstandard amino acid that is nongenetically encoded, but it is produced at the posttranslation level only \[[@B2]\]. During this hydrolytic reaction, the target protein mobility in SDS-PAGE will shift \[[@B3], [@B4]\], yielding a noncharged citrulline amino acid and neutral urea through the hydrolysis of the strongly basic positively charged side chain of arginine by water ([Figure 1](#fig1){ref-type="fig"}). This charge shift affects protein structure, protein-protein interactions, and hydrogen bond formation, and it may cause protein denaturation \[[@B5], [@B6]\]. Citrullination can involve a wide range of proteins, integrated cell membrane, cytoplasm, nucleus, and/or mitochondrial proteins \[[@B7]\].

3.1. Chemical Basis of Citrullination {#sec3.1}
-------------------------------------

Chemically, citrullination or deimination is a process catalyzed by specific enzymes called PADs and it modifies the guanidinium group of the arginine amino acid and the ureido group of the citrulline amino acid. This conversion is accompanied by the loss of the arginine positive charge and production of ammonium. Furthermore, this modification is an irreversible process, i.e., there is no decitrullination reaction \[[@B7]\]. The reaction was first described by Fearon \[[@B8]\] in 1939. In this reaction, hydrolysis of the nitrogen atoms of the arginine side chain results in the formation of citrulline and ammonia as a side product. Citrullination occurs in alkaline solutions at room temperature \[[@B9]\]. Due to the guanidine group, arginine has a +1 charge at physiological pH, whereas citrulline has no charge (neutral) ([Figure 1](#fig1){ref-type="fig"}). Thus, the overall charge of the protein is decreased by citrullination \[[@B3], [@B10]\]. During this reaction, losing the positive charge results in protein conformational changes which may modify the binding and unfolding properties of the protein, subsequently affecting its function and half-life \[[@B11]\]. The conversion of arginine to citrulline also leads to changing the acidity of the amino acid side chain, changing the isoelectric point (*pI*) of arginine from 11.41 to 5.91 for citrulline \[[@B12]\], the formation of hydrogen bonds, and the interaction between amino acid residues, which substantially affect the peptide or another one. Thus, the protein is formed with a conformational, functional alteration and new protein half-life \[[@B13]\].

Citrullination or deimination is a normal physiological reaction that occurs during cell death. Therefore, the immune system normally is not in conflict with citrullinated proteins. During apoptosis, the change in the physical properties of the dying cell is followed by the clearance and ingestion of these cells by phagocytic cells. A defect in the clearance system either in terms of efficiency or capacity may occur due to massive cell death, and this results in the accumulation and leakage of PAD enzymes and citrullinated peptide from the necrotizing cell which may be encountered by the immune system \[[@B14]\].

4. PAD Enzymes {#sec4}
==============

PAD enzymes were described in 1977 as one enzyme family of PTM \[[@B15]\], and now it also known as cysteine hydrolases \[[@B16]\]. In humans, PADs are a family of calcium-dependent enzymes composed of five isozymes (1, 2, 3, 4, and 6) \[[@B17]\], which have 50% sequence similarity \[[@B18]\]. PADs are found in abundant cells and tissues across the body, including the uterus and epidermis (PAD1); brain, skeletal muscle, secretory glands, inflammatory cells, and several cancer cell lines (PAD2); keratinocytes and hair follicles (PAD3); granulocytes and cancer cells (PAD4); and embryos and oocytes (PAD6). Interestingly, all PADs are known to be found in the cell cytoplasm except PAD4, which is the only isozyme that has been found in the nucleus where it plays a role in histone deimination \[[@B2], [@B17]\], even though recent studies found that PAD2 may also be found in the nucleus \[[@B19], [@B20]\]. In addition to the cytoplasm and nucleus, new reports suggest that the PAD isozymes also exist in granules (PAD4) \[[@B21]\] and mitochondria (PAD2) \[[@B20]\].

In prokaryotes, *Porphyromonas gingivalis* is a major periodontal pathogen involved in destructive periodontal disease and it is a unique prokaryote expressing a PAD enzyme \[[@B22], [@B23]\]. *P. gingivalis* synthesizes and releases PAD (PPAD) in membrane vesicles \[[@B23]\]. Compared to human PAD, PPAD is a calcium-independent enzyme \[[@B23], [@B24]\]. The application of a specific PAD2/PAD4 inhibitor to block extracellular PAD activity is very effective in the treatment of citrullination disorders. Such therapy could prevent the production of citrullinated autoantigens and immune complexes \[[@B14]\].

4.1. PAD Substrates and Activation {#sec4.1}
----------------------------------

The calcium (Ca^+2^) ion is responsible for the activation of certain enzymes in the living cell, including the peptidylarginine deiminase (PADs) enzymes. During apoptosis, the Ca^+2^ concentration increased by 100-1000-fold from the normal. The Ca^+2^ concentration in the activated cells that were used for PAD activity is around 10 *μ*M, which is higher than the physiological level in nonactivated cells (100 nM). The high calcium concentration has been suggested to occur locally in cells or in extreme conditions like apoptosis or necrosis \[[@B25]\]. Ca^+2^ attaches to specific binding sites of PADs. For example, PAD4 has five calcium-binding sites, two of them located in the C-terminal domain and the remaining three located in N-terminal subdomain 2 of the enzyme \[[@B16], [@B18]\]. Likewise, the kinetics of calcium ion binding to PAD2 showed that three molecules of Ca^+2^ can bind one molecule of PAD. Thus, it is proposed that PAD enzymes have three low-affinity calcium-binding domains \[[@B2]\]. It was found that the calcium sensitivity of PAD3 differs from one isotype to another, depending on the nature of the substrate \[[@B26]\]. Since PADs are calcium-dependent hydrolases, they cannot act at low physiological calcium levels, being activated by the calcium homeostasis distortions leading to the increase in the cellular calcium levels. Recently, available information on the structural properties of human PADs and the mechanisms of their calcium-induced activation was systematically analyzed together with the prevalence of functionally important intrinsically disordered regions in these proteins \[[@B27]\]. PAD enzymes are represented in many leukocytes, richly in neutrophils and monocytes, where at certain positions of autologous peptides they cause conversion of arginines to citrullines \[[@B28]\]. Within the protein, not all target arginines are citrullinated equally; about 80-90% of the arginines which are positioned after aspartic acid are citrullinated, whereas arginines close to glutamic acid are hardly citrullinated (0%-5%) and those which are located near the N-terminus are poorly citrullinated too ([Table 1](#tab1){ref-type="table"}) \[[@B3]\].

4.2. PAD Isotypes: Distribution and Normal Physiology {#sec4.2}
-----------------------------------------------------

Reports identified three types of PAD: PAD I (epidermal type), PAD II? (muscle type), and PAD III (hair follicle type); each of them are different in their tissue distribution, activities towards synthetic substrates, and antigenic properties \[[@B29]\]. In humans, there are five PAD isotypes: PAD1, PAD2, PAD3, PAD4, and PAD6. At the protein level, these PADs are highly conserved, have more than 50% sequence similarity \[[@B30], [@B31]\], and have a positive role in normal physiological functions, such as skin keratinization and homeostasis, neuron insulation, and gene regulation and expression \[[@B27]\]. PAD enzymes are distributed in a wide range of cells and tissues, and each type has a tissue-specific manner of expression (Tables [2](#tab2){ref-type="table"} and [3](#tab3){ref-type="table"}) \[[@B31]\]. Citrullination is an enzymatic conversion that normally occurs in many biological processes such as epidermal differentiation \[[@B32]\], hair follicle formation \[[@B33]\], and maturation of the myelin sheath during central nervous system development \[[@B34]\]. The earliest reports suggested that the presence of citrullinated proteins is specific to the synovium in rheumatoid arthritis (RA) patients \[[@B35]\], while new reports revealed that citrullinated proteins are also present in the synovium of nonrheumatoid arthritis inflammations \[[@B36], [@B37]\].

The genes encoding each of the mammalian PAD isotypes are named PADI and are clustered on a single locus on chromosome 1. PADI genes appear to have the same exon/intron structure and have high sequence similarity in exons. All PADI genes in humans are clustered on the short arm of chromosome 1 close to the telomere (1p36.1), and are included approximately within a 334.7 kb region ([Figure 2](#fig2){ref-type="fig"}) \[[@B38]\]. The genes of PAD1, 3, and 5 types are very close and are compacted within a 160 kb region. Furthermore, they have the same transcription orientation \[[@B39]\]. PADI2 is the largest gene, which shows an inverse direction to the other four PADIs, while the PADI6 gene is the smallest one in humans \[[@B40]\].

### 4.2.1. Peptidylarginine Deiminase Type I (PAD1) {#sec4.2.1}

PAD1 enzymes are mainly expressed in the epidermis and uterus \[[@B41], [@B42]\]. GenBank blast search clarifies the sequence tag entries with the human PAD type I cDNA sequence. This search shows several expressed sequence tags from tissues of the human (uterus, pancreas, and colon), rat (eye), and mouse (thymus, uterus, skin, and vaginal epithelium), demonstrating that PAD1 is not skin specific, but it is more widely expressed. The human PAD1 gene has 16 relatively short exons occupying 63 ± 851 bp, which interfere with 15 introns ranging from 104 bp to more than 16.9 kb \[[@B39]\]. PAD1 is encoded by a 3.8 kb mRNA containing a 3′-UTR of about 1600--1700 nt \[[@B2]\]. PAD-induced citrullination has been illustrated in different physiological processes and pathological conditions. Physiologically, PAD1 are involved in the keratinization of the skin, as well as implicated in psoriasis \[[@B13]\]. In the epidermis, during keratinocyte differentiation, keratin proteins particularly K1 and K10 and the keratin-associated protein filaggrin are citrullinated \[[@B43], [@B44]\] by PAD1, which is important for the regulation of cornification of the epidermis and preserving the barrier function of superficial keratinized epidermal cell layers \[[@B45]\]. The cornification of the epidermis is stimulated by the reduction in the flexibility of the keratin cytoskeleton during citrullination \[[@B46]\]. However, in normal skin hemostasis, the keratin protein (K1) is citrullinated and degraded at low levels to reduce cornification \[[@B16]\]. Filaggrin is a filament protein aggregate resulting from the citrullination of profilaggrin; this filaggrin cross-links the keratin filaments to form solid structures \[[@B47]\]. During citrullination of the cytokeratin, the lost charge is believed to cause disassembly and degradation of the cytokeratin-filaggrin complex \[[@B45]\]. Subsequently, filaggrin is more degraded to produce amino acids that constitute the Natural Moisturizing Factor (NMF) which has an important role in skin moisturizing \[[@B48]\].

Although PAD1 is expressed throughout the epidermis mainly in keratinocytes, other PADs were detected in skin layers such as PAD2 in the suprabasal layers and PAD3 in differentiated keratinocytes and hair follicles \[[@B38]\]. The deficiency of citrullination in the epidermis results in extreme cornification and inflammatory response. Psoriasis is the only disorder caused by PAD1 deficiency, and the factor(s) casing the enzyme catalytic activity deficiency is unknown \[[@B2], [@B30], [@B49], [@B50]\].

### 4.2.2. Peptidylarginine Deiminase Type II (PAD2) {#sec4.2.2}

PAD2 is the most broadly expressed isotype of PAD \[[@B2]\]. It is presented in a multiple organs, such as the brain, female genital tissues, skeletal muscle, and cells of the hematopoietic lineage \[[@B51], [@B52]\], as well as in the human mammary gland \[[@B53]\]. The human PAD2 gene has 16 relatively short exons occupying up to 520 bp, which interfere with 15 introns that range from 729 bp to more than 14.2 kb. Interestingly, it has been noted that the human PADI genes I, III, and IV also contain 16 exons \[[@B54]\]. The expression of PAD2 was found to be regulated at both transcriptional and translational level \[[@B47], [@B55]\]. The well-known protein substrates for PAD2 are myelin basic protein (MBP), glial fibrillary acidic protein (GFAP), vimentin, actin, and histones \[[@B16]\]. PAD2 is important for the stability of the myelin sheath and the plasticity of the brain cells \[[@B13]\]. PAD2 in the CNS is known to citrullinate MBP and GFAP, and it is mainly expressed by astrocytes, oligodendrocytes, and microglial cells \[[@B3]\]. Native MBP forms very tight and compact myelin sheaths and contains several arginine amino acid targets \[[@B56]\]. The plasticity of the CNS at a young age is facilitated by the citrullination of MBP, and the ratio of citrullinated MBP (MBP-Cit) and total MBP (MBP-total) changes rapidly after birth \[[@B3]\]. In children less than 2 years, all MBP is citrullinated. Citrullination activity decreased with age. Above 4 years, the ratio of MBP-Cit/MBP-total is reduced to 18%; this ratio remains constant in adults. Therefore, the alterations of MBP-Cit/MBP-total correlate with the brain plasticity in young children \[[@B2], [@B34]\].

Vimentin is an intermediate filament network that is citrullinated during apoptosis \[[@B57]\]. Vimentin is a cytoskeletal protein that is 466-amino-acids long, and it contains about 9.2% arginine at its non-*α*-helical head domain which represents an intermediate filament. Vimentin is known as a substrate for PAD2, where it citrullinates the non-*α*-helical head domain arginine \[[@B58]\]. For example, PAD2 play an important role in apoptosis by inducing vimentin citrullination, specifically in macrophages \[[@B59]\]. PAD2 expression was found to be upregulated during monocyte differentiation into macrophages \[[@B60]\]. In macrophages, the elevated concentration of calcium induces PAD2 to citrullinate vimentin causing the breakdown of the intermediate filament network potentially to control the apoptotic process \[[@B55]\]. PAD2 and PAD4 are highly implicated in the pathology of inflammation and neurodegenerative \[[@B55], [@B61]\] and cancer diseases \[[@B62]\]. Overactivity of PAD2 is implicated in multiple sclerosis \[[@B13]\]. Many findings indicated that the beginning and progression of neurodegenerative human diseases such as Alzheimer\'s disease (AD) and multiple sclerosis (MS) are affected by the dysregulation of PAD2 activity. In addition, the primary open angle glaucoma optic nerve damage was proposed to be influenced by PAD2 and MBP citrullination \[[@B63]\].

### 4.2.3. Peptidylarginine Deiminase Type III (PAD3) {#sec4.2.3}

PAD3 is localized in the skin epidermis and is highly linked to the hair follicle and epithelium targeting the intermediate filament-associated protein trichohyalin that appears in the inner root sheath of a hair follicle \[[@B64]\]. PAD3 gene is located on chromosome 1 (p36.1) distal to the PAD1 gene. The PAD3 enzyme is encoded by a 3.1 kb mRNA \[[@B65]\]. PAD type III cDNAs have been cloned from sheep hair follicles and from rat and mouse epidermis. The obtained PAD3 from all these sources was found to have a similar calculated molecular mass composed of 664 amino acids \[[@B65]\]. By using reverse transcription PCR and the technique of the rapid amplification of cDNA ends, a full-length cDNA of PAD3, which is about 3142 bp, was cloned from cultured human keratinocytes. This cDNA has an open reading frame consisting of 1995 bp and encoding 664 amino acids too \[[@B66]\]. Trichohyalin (THH) present in the medulla and inner root sheath of hair follicles is the main target for PAD3. The citrullination of trichohyalin by PAD3 causes the strengthening of the inner root sheath and induces hair growth \[[@B33], [@B66]\]. After synthesis, trichohyalin forms insoluble vacuoles that are stabilized by ionic interactions between *α*-helixes \[[@B67]\]. Recent studies indicate that PAD3 catalytic activity is not limited to skin physiology, but its activity is required for stimulating a programmed cell death (apoptosis) in human neuronal stem cells. In addition, the apoptosis-inducing factor- (AIF-) mediated apoptosis and cytoskeletal organization are regulated by PAD3 citrullination \[[@B68]\]. Due to its bundling with cytokeratin filaments, trichohyalin (THH) is considered as an important structural protein and is known to be a keratin filament matrix protein \[[@B33], [@B69]\]. At high Ca^+2^ concentrations during differentiation of the THH, it is citrullinated and becomes more structurally open due to the loss of its highly organized *α*-helix confirmation \[[@B3]\].

### 4.2.4. Peptidylarginine Deiminase Type IV (PAD4) {#sec4.2.4}

The fourth enzyme, PAD4, is widely distributed in hematopoietic stem cells and immune cells, such as granulocytes, monocytes, macrophages, and natural killer cells. It is also found in the tumor cells originating from the lung, esophagus, breast, and ovary \[[@B70], [@B71]\]. PAD type 4 can be found in the CNS and is only contained in leukocytes invading the brain \[[@B72]\]. PAD4 is the only type of PAD that can be found in the nucleus \[[@B73]\]. On chromosome 1 (1p36.13), the entire PADI 4 human gene spans about 55,810 kb coding for 663 amino acids and consisting of 16 exons that interfere with 15 introns. Different techniques such as reverse transcription polymerization chain reaction (RT-PCR) and rapid amplification of cDNA ends (RACE) were used to obtain the full length of cDNAs of mouse PAD type IV; the cloned cDNA appeared to have 2287 nucleotide bases, with an open reading frame (ORF) consisting of 2001 bases yielding 74.6 kDa protein \[[@B65]\]. Structurally, PAD4 is a protein that exists as a head-to-tail dimer \[[@B18], [@B74]\]. Each monomer consists of two N-terminal immunoglobulin- (Ig-) like domains and one C-terminal catalytic domain. One of the N-terminal domains has nine *β*-sheets and is formed by the Ig subdomain (1); the other domain contains 10 *β*-sheets and four short *α*-helices and is formed by the Ig subdomain (2). The C-terminal catalytic domain is arranged as an *α*/*β* propeller fold that is a feature of the deiminase superfamily \[[@B18], [@B75]\]. The C-terminal catalytic domain is a very preserved area of the PAD4 polypeptide \[[@B2]\]. PAD4 has five calcium-binding sites named Ca1, Ca2, Ca3, Ca4, and Ca5 \[[@B18], [@B74], [@B76]\]. Ca1 and Ca2 is sited in the C-terminal catalytic domain resulting in major conformational changes that shift the positions of several residues to be competent for catalysis. Calcium binding also produces large structural alterations in the N-terminus of the protein \[[@B18]\]. PAD4 was found to be involved in gene regulation \[[@B77]\]. The chromatin structure and function have been shown to be regulated by PAD4 through its ability to citrullinate the intracellular proteins, particularly nuclear histones H2A, H3, and H4 \[[@B14], [@B73], [@B78], [@B79]\] as well as nucleophosmin/B23 \[[@B77]\].

PAD4 play a crucial role in cell apoptosis and in the formation of neutrophil extracellular traps (NETs) \[[@B80], [@B81]\]. PAD4 induces citrullination of the histone tail that results in chromatin decondensation \[[@B11]\]. Tumor protein (p53) is known to regulate the expression of PAD4 \[[@B82]\]. During apoptosis, PAD4 is activated in response to the high intranuclear Ca^+2^ level and this results in nonspecific citrullination of histones and the lowering of their positive charges \[[@B73]\]. It has been proposed that the citrullination of histones affects nucleosome stability, causing nucleosomes to open up and making DNA more exposed for cleaving and fragmenting by nucleases \[[@B3]\]. When neutrophils fight against invading bacteria, they heavily use the citrullination catalyzed by PAD4 to form neutrophil extracellular traps (NETs) and alter the functions of chemokines \[[@B83]\]. Pathologically, PAD4 is distinct from other PADs as it is involved in many autoimmune disorders such as rheumatoid arthritis (RA), multiple sclerosis (MS), systemic lupus erythematosus (SLE), ulcerative colitis (UC), and other processes of inflammation, such as sepsis and thrombosis \[[@B17]\].

### 4.2.5. Peptidylarginine Deiminase Type VI (PAD6) {#sec4.2.5}

PADI type VI is expressed in many tissues such as eggs, ovaries, testis, small intestine, spleen, lung, liver, and skeletal muscle cells, and it has been detected in early embryos. It is essential for the development of the embryo after the second cell stage \[[@B41], [@B42]\]. Many studies have documented that PAD6 is a maternal gene indeed expressed in preimplantation embryos and oocytes \[[@B84]\]. Using the international human genome NCBI database, the PADI6 gene is localized on 1p36.13, spans 28.8 kb, and consists of 16 exons. In a large-scale cDNA sequence study, the human PADI type VI gene was found to be encoded by 2397 bp of isolated cDNA, and its open reading frame consists of 52 to 2136 bp and encodes 694 amino acids \[[@B42]\]. The specific role of PAD6 is yet unclear. The deiminating functions of the PAD6 enzyme are indicated through its high sequence homology with the other PADs. Protamine is an arginine-rich nuclear protein found in the sperm cells, and this protein could be citrullinated by PAD6 and result in sperm chromatin decondensation \[[@B85]\]. However, during early development; PAD6 could induce the reorganization of the egg cytoplasmic sheath through the citrullination of cytoplasmic components. PAD6 has been proposed to be a target for contraceptive drugs \[[@B86]\].

4.3. Abnormality in PAD Function {#sec4.3}
--------------------------------

The PAD activity level and balance are very important in the citrullination process and in their physiological and pathological effects. When PAD activities become uncontrolled, this will lead to abnormal citrullination and, as a consequence, it will lead to disorders. The specific reason underlying PAD dysregulation is not well defined, but there are many factors which may explain abnormal citrullination such as high levels of calcium that may affect PAD target specificity and their activity, unchecked translation of protein arginine deiminases that could cause an increase in citrullination \[[@B87]\], abnormal tumor necrosis factor alpha (TNF-*α*) signaling that is characteristic of ulcerative colitis (UC) and rheumatoid arthritis (RA), and TNF-*α* that can induce the translocation of PAD4 \[[@B88]\]. PADs can citrullinate tumor necrosis factor alpha \[[@B89]\], and autocitrullination of PAD4 may be the producer of faulty levels of citrullinated proteins \[[@B90]\]. However, even though it does not disturb enzyme specificity and activity, it does influence the association with other proteins which is responsible for the posttranslational modification of histones \[[@B87]\]. Besides, the sequence of amino acids and confirmation in the vicinity of arginine residues can also affect sensitivity to citrullination \[[@B6], [@B16]\].

5. Pathological Conditions of Citrullination {#sec5}
============================================

The citrullination process is implicated in many human diseases and inflammations that induce autoimmunity responses against citrullinated proteins. Therefore, anticitrullinated protein antibodies (ACPA) are targeting these citrullinated proteins/peptides at specific tissues. Citrullination could involve many proteins, for example, filaggrin, keratin 1, vimentin, myelin basic protein (MBP), glial fibrillary acidic protein (GFAP), fibrin, fibrinogen, *α*-enolase, and collagen II; it can create and expose nonself epitopes that induce autoantibody production \[[@B91]\]. A citrullination process catalyzed by a PAD enzyme plays a crucial role in many inflammatory disorders. These disorders include rheumatoid arthritis (RA), psoriasis, systemic lupus erythromitosis (SLE), and cancers. This process is also associated with neurodegenerative diseases such as Alzheimer\'s disease (AD) and multiple sclerosis (MS). The citrullination process has been found to be widely presented in inflammatory tissues. It was proposed that this process is considered as an inflammation-dependent rather than a disease-dependent process proving that inflammation is a common ground for multifactorial diseases involving various chronic inflammatory rheumatic diseases \[[@B92]\]. Furthermore, it has been clarified that citrullination is not a specific disease-related case, but it is an inflammation-dependent process existing in diverse inflamed tissues \[[@B92]\], for example, MS, RA, AD, psoriasis, Parkinson\'s disease, psoriatic arthritis, juvenile idiopathic arthritis, osteoarthritis, spondyloarthropathy, autoimmune hepatitis, Lewy body dementia, and multiple system atrophy \[[@B11]\].

5.1. Multiple Sclerosis {#sec5.1}
-----------------------

Multiple sclerosis (MS) is one of the most widespread neurologic diseases affecting young adults. According to the Multiple Sclerosis International Federation, the worldwide prevalence of the number of people with MS has increased from 2.1 million in 2008 to 2.3 million in 2013, with a woman : man ratio of 2 : 1 \[[@B93]\]. MS is a chronic and progressive demyelinating disease that minimizes nerve cell communication. It is causing numerous neurologic dysfunctions mainly involving the loss of motor function and vision impairment. The relation between abnormal protein citrullination and MS was identified in both human MS patients and animal MS models (i.e., autoimmune encephalomyelitis (EAE)). Myelin basic protein (MBP) is the primary content of the myelin sheath and the main target for PAD-catalyzed citrullination. MBP is highly deiminated up to 3-fold higher than normal \[[@B94]\]. In normal conditions, the amount of citrullinated MBP is around 20%. This percentage increased up to 45% in the chronic stage and will reach up to 90% in the fulminating form of MS (Marburg\'s variant) \[[@B95]\]. Importantly, autoimmune disorders are influenced by gender, hence the X chromosome in females plays an important role in the superior immune response and might be involved in the breakdown of self-tolerance; therefore, autoimmune disorders such as multiple sclerosis and rheumatoid arthritis are more dominant in women \[[@B96]\].

### 5.1.1. Myelin Sheath Formation {#sec5.1.1}

Myelin sheath formation in the central and peripheral nervous systems is attributed to different glial cell types that form myelin in a different manner. In the peripheral nervous system (PNS), Schwann cells are responsible for forming myelin as each cell forms a single myelin sheath ([Figure 3](#fig3){ref-type="fig"}). On the other hand, oligodendrocytes are accountable for making myelin in the central nervous system (CNS), where each oligodendrocyte can make multiple segments of myelin. Despite that there are several morphological and molecular differences between nerve fibers in the PNS and CNS, the basic myelin sheath configuration and the electrophysiological properties are basically the same \[[@B97]\].

The sufficient conduction of nerve impulses between neural cells requires an electrical insulation of the neurons through the myelination of neural cell axons, which is provided in the CNS by oligodendrocytes and by Schwann cells in the peripheral nervous system. On the other hand, demyelination is a process that causes indigence or depletion of nerve signals, which subsequently results in multiple clinical symptoms (e.g., visual loss, extraocular movement diseases, paresthesia, loss of vision and sensation, weakness, dysarthria, spasticity, ataxia, and bladder dysfunction). The myelin sheath is multibilayer structure that surrounds the axons and contains lipid-protein compounds with a ratio of 3 : 1. There are two major proteins detected in this complex, myelin basic protein (MBP) and proteolipid protein (PLP or lipophilin), and they account for 85% of the protein molecules \[[@B2]\]. Compared to other cell membranes, the myelin membrane is highly rich in lipids, containing 75--80% anionic and neutral lipids and around 20--25% proteins \[[@B98]\]. In CNS and PNS, the major lipid categories of myelin are cholesterol, phospholipids, and galactolipids, which support the compact assembly of the membrane \[[@B99], [@B100]\]. In CNS and PNS, myelin proteins linked tightly with the lipid membrane \[[@B101]--[@B103]\]. In the CNS, the major myelin proteins MBP and PLP account for about 30% and 50% of the total protein fraction, respectively \[[@B104], [@B105]\]. On the other hand, in the PNS, the myelin protein MBP accounts for 5--18% of the total protein fraction, while the rest is composed of P0 glycoprotein, peripheral myelin P2, and the peripheral myelin protein-22 (PMP-22). MBP is considered an important factor contributing to the construction and integration of the CNS myelin and the preservation of myelin stability \[[@B106]--[@B108]\]. The classic 18.5-kDa isoform is the most abundant variant of the human MBP protein. MBP appear flat within myelin propounding the opposing bilayers \[[@B109]\]. The high positive charge of MBP interacts with the anionic cytoplasmic membrane surfaces that link the two bilayers at their cytoplasmic sides in a closely reversed manner. Another significant role of MBP is to make a barrier that filters and prevents the cross-passage of the proteins with a high molecular size into the membrane sheath \[[@B110], [@B111]\].

### 5.1.2. PADs\' Role in MBP Citrullination of Multiple Sclerosis (MS) {#sec5.1.2}

In MS, the citrullination of MBP limits its ability to properly associate with lipids \[[@B3]\], which in turn leads to demyelination through the destabilization of the sheath assembly \[[@B112]\]. The amounts of PAD2, PAD4, and citrullinated proteins detected in myelin isolated from patients with MS were elevated when compared to those found in myelin from normal cases. These data indicate that the significant change in the pathogenesis of MS which is associated with the citrullinated proteins results from increased PAD2 and PAD4 activities \[[@B113]\]. The amino acid sequence of human MBP is formed by 170 residues, consisting of 12 lysine, 19 arginine, 2 glutamic acid, and 9 asparagine residues, with a total net charge of +20 at physiological pH and a high isoelectric point (*pl* \> 10) \[[@B114]--[@B116]\]. In human healthy adults, 6 of the 19 arginine residues of the MPB molecule (MBP-Cit6) are citrullinated which represent about 18% of the total MBP, compared to 45% in patients with chronic MS. In contrast, the citrullinated MBP of patients with Marburg MS has 18 citrulline residues (MBP-Cit18), which represent 90% \[[@B95], [@B117]\]. Experimentally, PAD2 and PAD4 were detected by electron microscopy in the myelin sheath. From the recombinant forms of PAD2 and PAD4 enzymes used to citrullinate MBP, the results revealed that 18 of the 19 arginine residues intensively displayed in MBP were deiminated by PAD2, while 14 of 19 residues were deiminated by PAD4 \[[@B113]\]. PAD2 is normally distributed in the CNS, while PAD4 is brought to the CNS by macrophage infiltration during disease progression \[[@B118]\]. MS is an inflammatory disorder of the CNS, and it is mainly associated with PAD2 activity associated with MBP citrullination resulting in myelin sheath demyelination and reducing the nerve signal transduction ([Figure 4](#fig4){ref-type="fig"}) \[[@B34], [@B119]\].

Many pathological cases such as hypoxia and excitotoxicity could result in elevated intracellular calcium and subsequently in the activation of the PAD2 enzyme leading to the citrullination or deimination of MBP in the nerve cells \[[@B72], [@B120], [@B121]\]. The hypercitrullination of MBP decreases its positive charge, thus resulting in a reduction of its interactions with phospholipids and disruption of the normal structures of the multibilayer myelin sheath. Moreover, the hypercitrullinated MBP can be unfolded, open, and more liable to degradation by protease proteins, such as cathepsin D \[[@B52], [@B122], [@B123]\]. Thus, the fragment produced by this protease, Phe44-Phe89 peptide, acts as an immunodominant peptide which could trigger immune response \[[@B124]\]. Immune response involves the infiltration of lymphocytes and other immune cells to the nervous tissue, hence causing inflammation, oxidative stress, and neuron death or myelin sheath damage \[[@B3]\].

### 5.1.3. Clinical Stages of Multiple Sclerosis (MS) {#sec5.1.3}

Depending on clinical symptoms, radiology, and laboratory investigations, such as MRI, CSF, and neurological examination, multiple sclerosis was categorized into four clinical courses: clinically isolated syndrome (CIS), relapsing-remitting multiple sclerosis (RRMS), secondary progressive multiple sclerosis (SPMS), and primary progressive multiple sclerosis (PPMS) ([Table 4](#tab4){ref-type="table"}) \[[@B125]\].

Clinically isolated syndrome (CIS), which was not involved in the first clinical diagnosis \[[@B126]\], is now identified as a preliminary clinical feature of the disease that presents the characteristics of the inflammatory demyelinating disease \[[@B127], [@B128]\]. CIS and RRMS may either be active or inactive. RRMS is identified by separate episodes of acute neurological deficits and/or deterioration of a specific neurological function (i.e., relapse), followed by partial or complete recovery or remission \[[@B126]\]. RRMS is the most prevalent pattern of MS, representing around 85% of the total cases. It shows an evident relation with sex as its women : men distribution ratio ranged between 2 : 1 and 3 : 1, progressing in young adults above 20 and below 30 years \[[@B129]\]. 10%-15% of the MS cases miss the relapsing stage and achieve primary progressive multiple sclerosis (PPMS) \[[@B126]\]. Progressive MS is an age-related phase, and it is highly associated with elderly patients whose brains are affected as age increases and the patients develop a constant disability \[[@B130]\]. This progression includes two stages; primary progressive multiple sclerosis (PPMS) and secondary progressive multiple sclerosis (SPMS), both of them can be either active or inactive and can be at least clinically evaluated and assisted annually\[[@B131]\]. Recent studies estimate that 25% and 75% of the patients will develop secondary progressive multiple sclerosis (SPMS) within 5 and 15 years of the first diagnosis, respectively \[[@B132]\].

### 5.1.4. Microglia Drive the Innate Immunity in Early Multiple Sclerosis (MS) {#sec5.1.4}

Microglia and macrophages are recognized as main innate immune cells present in MS lesions where they either directly cause neuroinflammatory tissue damage or act together with T and B lymphocytes \[[@B133]\]. Microglial cells are similar to macrophages and constitute about 10-15% of the cells populating the CNS, where they represent the resident innate immune cells of the CNS. In contrast to macrophages which are bone-marrow-derived, microglia originate from the yolk sac and at a certain time during embryogenesis, they populate the CNS before the blood-brain barrier (BBB) is formed and seal the CNS from the periphery \[[@B134], [@B135]\]. Microglia and macrophages share specific cell surface markers (e.g., CD11b and CD14) and have an identical phagocytic function that enable them to engulf substances like myelin from the surrounding environment \[[@B136]\]. Microglia became functionally and morphologically activated after activation \[[@B137]\]. During their resting state, the microglial fine processes are highly motile and continually screen/clean their surrounding microenvironment \[[@B136]\]. Activated microglia based on injury or infections have been observed in tissue from MS patients, in both white and gray matter \[[@B138]\]. In the absence of lymphocytes and myelin phagocytosis, microglial activation has been detected in early MS lesions \[[@B139], [@B140]\], indicating that its primary involvement is in innate immunity. Furthermore, the activation of prevalent microglia in the cortical lesions has been detected in the progressive MS phase \[[@B141]\]. The microglial nodules observed in the normal-appearing white matter (NAWM) may represent the earliest stage in the MS lesions \[[@B142]\]. On microscopic inspection, these lesions revealed some reduction in myelin density together with microglial activation. It was originally suggested that such lesions may represent the earliest stages in the formation of plaques called "preactive" lesions \[[@B143]\]. Moreover, the presumption that MS is controlled by an innate immune response within the CNS itself rather than immune cells crossing a penetrated BBB was supported by the presence of an intact blood-brain barrier (BBB) observed in preactive lesions \[[@B137]\]. In other words, the presence of activated and clustered microglia fuels the hypothesis that the first response for MS is neurodegeneration followed by the activation of CNS immune cells \[[@B144]\]. Therefore, microglial cell activation may represent the primary trigger of pathogenesis within the CNS, while (BBB) would be secondarily affected by activated microglia and their secretions (e.g., IL-17 and TNF-*α*) and/or directly by agents that elicit the first microglial response \[[@B145]\]. It is important to note that these lesions are not necessarily involved in early activation but may occur as a result of a spread and continual activation of innate immune cells \[[@B146]\]. The major histocompatibility antigen (MHC) II molecule is highly expressed in activated and clustered microglial cells in normal-appearing white matter (NAWM) of MS and shares in response to deiminated MBP \[[@B147], [@B148]\]. This indicates that the conversion of MBP-arginine to citrulline by PADs may assist the affinity of MBP fragments to MHC class II molecules of activated microglia \[[@B149]\]. In MS brains, the activated microglial cells can be injurious by developing an inflammatory response by releasing cytokines, chemokines, and free radicals, which might lead to axonal damage, demyelination, and the death of oligodendrocytes. Otherwise, activated microglia produce factors that enhance remyelination and induce neuroprotection \[[@B137]\]. Microglia have an alternative function within the CNS; they can protect neurons in MS patients and prevent axonal damages. Microglial cells can promote neurogenesis by releasing neurotrophic factors such as brain-derived neurotrophic factor (BDNF), insulin-like growth factor-1 (IGF-1), and neurotropic 3 (NT3). Depending on the inflammatory environment in the CNS, microglial cells can downregulate the inflammatory process by the production of anti-inflammatory cytokines such as IL-10 and transforming growth factor-*β* (TGF-*β*) \[[@B150], [@B151]\]. Microglia and macrophage cells have a critical role in the initial and continued immune responses to myelin antigens. \[[@B152]\]. Similar to macrophages, microglial cells are classified into M1 and M2 microglial cells. M1 microglial cells act as proinflammatory mediators and express cell surface markers such as CD40, CD74, CD86, and CCR7, whereas M2 microglial cells are anti-inflammatory cells expressing mannose receptor CD206 and CCL22 \[[@B153], [@B154]\]. However, T cell-mediated macrophage activation is essential for inflammatory demyelination in MS \[[@B155]\]. Recent studies suggested that the initiation and progression of MS refer to the innate immune system by stimulating the effector cells (i.e., T and B lymphocytes) \[[@B156]\]; these effector cells, in turn, produce many mediators which trigger and make the innate immune response persist \[[@B157]\].

### 5.1.5. Adaptive Immune Response in Multiple Sclerosis (MS) {#sec5.1.5}

The cleavage and surface exposure of the citrullinated MBP would cause the release of the primary immunodominant epitope of human MBP 85--99, which results in the appearance of autoantigens that trigger immune responses \[[@B158]\]. Due to its high affinity for the MHC class II haplotype, the MBP 85--99 epitope could be recognized by T cells \[[@B159]\]. The complexes of MHC class II with MBP epitopes have been detected on antigen-presenting cells (APC) in MS lesions \[[@B147]\]; therefore, B cells became involved in the presentation of the epitope in a complement-activated pathway \[[@B160]\], so that the autoantibodies and T cell clones can recognize the immunodominant epitope of MBP in MS patients \[[@B161], [@B162]\]. Recently, newly developed experiments showed that CD8^+^ T cells, which are class I MHC-restricted, could induce brain inflammation and autoimmunity. This is why both class I and II MHC immune response axes are implicated in CNS autoimmunity \[[@B163], [@B164]\]. Despite this, there is a suggestion that the autoimmunity in MS is more related to the class I MHC-restricted CD8^+^ T cells than it is to the class II-restricted CD4^+^ T cells \[[@B143]\], through the autoreactive Th1 cells which are (not fully) activated peripherally by some unknown mechanisms such as molecular mimicry with infectious agents, super antigens, and/or others. The secreted proinflammatory mediators, including cytokines and chemokines, cause damage to the CNS tissues, leading to multiple inflammatory lesions along the axon in the demyelination of the axon and finally to a neurological deficit \[[@B165], [@B166]\]. The cells traffic out of the CNS to the lymph nodes for maturation before heading back again to the target organ and induce more damage \[[@B166]\]. These activated T cells will then proliferate, expressing some receptors and adhesion molecules as well as secreting proinflammatory mediators and metalloproteinases that activate the blood-brain barrier (BBB) to interact with it and enter the brain \[[@B125]\]. The antigen-presenting cell, MHC class II, and costimulatory signals (CD28, B-7.1) stimulate the activation and proliferation of previously entered T cells into Th1, Th2, and Th17 cells ([Figure 5](#fig5){ref-type="fig"}) \[[@B125]\].

Dendritic cells (DC), astrocytes, and macrophages are the most prominent APCs in the CNS. APCs possess pathogen-recognition receptors (PRR) that can recognize the pathogen-associated molecular patterns (PAMPs) expressed by antigens or pathogens, \[[@B167]\]. DC is very effective in priming and differentiating naive T cells and stimulating antigen-specific effector T cells \[[@B167]\]. Thus, DC secretes IL-12 that induces IFN-*γ*-producing Th1 cells, which contribute to the removal of intracellular pathogens (e.g., virus and bacteria). DC also produces IL-4 and induces the differentiation of IL-4 and IL-5 producing Th2 cells, which are involved in the clearance of extracellular infectious agents (e.g., pathogens and parasites). In addition, DC secretes IL-23 and stimulates the differentiation of IL-17 producing Th17 cells, which are substantial in the immune response against extracellular bacteria and have been involved in autoimmune disorders \[[@B168]--[@B170]\]. Proinflammatory cytokines secreted by Th1 cells (IL-2, IFN-*γ*, and TNF-*α*) induce phagocytosis by macrophages and microglia and induce the production of inflammatory mediators (TNF-*α* and NO) and complement factor synthesis. Th2 cell cytokines (IL-4, IL-5, and IL-6) activate B cells to form antimyelin antibodies. Th2 cells also produce IL-4 and IL-10 which suppress Th1 cells \[[@B125]\]. Different studies proposed that inflammation is always present as active demyelination otherwise neurodegeneration occurs, and the extent of demyelination and axonal damage is related to the infiltration of the T cell and B cell even in the cases of patients with PPMS and SPMS \[[@B171]\]. Inflammation in RRMS and progressive multiple sclerosis (PPMS and SPMS) involves the activation of immune cells, mainly microglia and macrophages, MHC I-restricted CD8^+^ cells, and B lymphocytes \[[@B171]\]. Both T cells and B cells are clonally expanded in the NAWM meninges and lesions \[[@B172], [@B173]\]. The importance of B cells in progressive MS has been confirmed by determining the effect of meningeal ectopic B cell follicles in SPMS patients as well as the effective use of B cell-depleting therapy in PPMS patients \[[@B174]\]. Higher expression of CD80 and CD86 by activating B lymphocyte was observed in MS patients with severe neurodegeneration rather than in MS patients with less neurodegeneration \[[@B175]\].

In MS patients, anticitrullinated MBP peptide antibodies (APCA) were found in samples from the serum and cerebrospinal fluid (CSF) of MS patients \[[@B161], [@B176]--[@B179]\]. This suggests that the maturation of anticitrulline-specific B cells are stimulated by the presence of citrullinated MBP at the site of inflammation in MS. The amount and kinetics of anti-MBP antibody responses are accumulated over time as measured over MS phases. About 12% of the anti-MBP antibodies were estimated in acute multiple sclerosis, which increases up to 32% during disease development in relapsing-remitting and reaches 40% in chronic progressive multiple sclerosis patients \[[@B180]\]. Unlike Th1 and Th2, the Th17 cells have exceptional differentiation factors, including a combination of the immunoregulatory cytokine TGF-*β* as well as the proinflammatory and pleiotropic cytokine IL-6 or IL-23 \[[@B181], [@B182]\]. Th17 cells are found to have heterogeneous functions, from immune suppressive, regulatory, to inflammatory functions \[[@B183]\]. Th17 cells produce various cytokine groups. There are six subclasses of the IL-17 cytokine group, including IL-17A referred to as IL-17, IL-17B, IL-17C, IL-17D, IL-17E, and IL-17F \[[@B184]\]. IL-21 functions in the regulation of hematopoiesis; NK differentiation; B activation; and T costimulation, T follicular polarization, and survival, while IL-22 plays a role in the inhibition of stimulatory IL-4 produced by Th2 \[[@B185]\]. Most studied groups of cytokines are the IL-17 group. Among all the subclasses, the biological function and regulation of IL-17A and IL-17F are the most identified \[[@B186]\]. These two subclasses (IL-17A and IL-17F) have broad effects on many nonimmune cell types, such as endothelial and epithelial cells. Also, these interleukins could induce local chemokine production to recruit monocytes and neutrophils to the sites of inflammation \[[@B181], [@B187]\]. Moreover, IL-17F is considered as a central mediator of cellular immunity governing the expression of critical cytokines that exert proinflammatory effects \[[@B187]\].

### 5.1.6. Risk Factors and Depression Severity of MS in Saudi Arabia {#sec5.1.6}

Several studies were carried out among the Saudi MS population considering the risk factor and regional distribution based on hospital-admitted patients as well as clinic visits for both normal individuals and MS patients \[[@B188]\]. The total number of reported MS cases in SA increased from 25/100,000 in 1998 \[[@B189]\] to 40/100,000 in 2008 \[[@B190]\]. While during the 2009 investigation, it showed that the incidence of MS decreased at 30 cases per 100,000 individuals \[[@B191]\]. About 41.1% of the cases were categorized by age 18-29 years with a high occurrence rate in female gender (71.7-75%) \[[@B188]\]. MS family history was found to be a risk factor associated with an increased incidence rate of MS. The risk of MS was 5.8-fold higher within a family with an MS history \[[@B188]\]. The medical history of measles infection was correlated to MS in Saudis \[[@B192]\]. It has been found that an early infection with measles may reduce the risk of MS, while a delayed infection is possibly associated with a high risk of MS. Regarding birth order, first-born children appeared to have about 1.7-fold greater risk than second-born children. Other environmental factors such as diet, sun exposure, and cigarette smoking were evaluated as risk factors increasing the risk of MS in Saudis. The assessment of healthy food consumption revealed that eating fruits and vegetables may reduce the risk and protect against MS \[[@B188]\]. Moreover, fast food and diet with a high level of salt and sodium are linked to the pathogenesis of MS as they stimulate Th17 cells \[[@B193]\]. The association between sun exposure and MS was identified by measuring the serum level of vitamin D; this shows that MS patients are vitamin D deficient and thus sun exposure can reduce the risk of MS \[[@B188]\]. Cigarette smoking contributes to MS, according to the latest statistics from the General Authority for Statistics; about 12.2% of the Saudi population are smokers. Smoking is highly considered as a risk factor in Saudi MS patients, particularly in the male gender. Regarding regional distribution, the central region of SA has a relative prevalence of MS patients more than other regions \[[@B189]\]. About 30.8-24.7% of Saudi MS patients are developing mild to moderate depression, respectively, while about 10.7% seem to have depression. It has been reported that the severity of depression is highly linked to the disability level of MS patients. A significant variation was reported in depression prevalence among Saudi male and female MS patients with high occurrence in females \[[@B194]\]. This matched with other studies that identified the association between depression in MS patients with age and gender \[[@B195]\]. Females were the most suppressed MS patients with a 2-fold increasing risk, and the severity of depression is highly prevalent in younger patients \[[@B196]\]. Among SA regions, MS patients living in the Northern region showed an increased severity of depression; in addition, the severity of depression is proportionally increased with a high educational level and low income \[[@B194]\].

5.2. Alzheimer\'s Disease {#sec5.2}
-------------------------

Alzheimer\'s disease (AD) is the most common form of dementia involving millions of people worldwide, especially elderly people. AD is a progressive neurodegenerative disease, causing a growing and irreversible loss of memory and cognitive impairment \[[@B197]\]. Clinically, AD patients are characterized by progressive worsening of cognition, attitudes, and regular activities. Brain atrophy and expanded cerebral ventricles are the major morphological and histological changes in AD patients ([Figure 5](#fig5){ref-type="fig"}) \[[@B198]\].

The hippocampus is the main region of the brain which is mostly affected by AD, where a significant citrullination process rate occurs, especially on vimentin and glial fibrillary acidic protein (GFAP) \[[@B199]\]. The formation of senile plaques (SP) and neurofibrillary tangles (NFT) with the presence of cognitive impairment have been defined as the main sign and symptoms of Alzheimer\'s disease (AD) \[[@B200]--[@B202]\]. Different theories were proposed to explain the causes of AD, including the acceleration of aging, degeneration of cholinergic and corticocortical pathways, infectious agents, and immune system dysfunction. Environmental factors such as aluminum exposure, malnutrition, and head injury are linked to AD. Furthermore, genetic factors involving mutations of amyloid precursor protein (APP) and presenilin (PSEN) genes and allelic changes in apolipoprotein E (Apo E) were enumerated as factors causing AD. In addition, vascular factors such as a blood-brain barrier (BBB) disruption and mitochondrial dysfunction like a metabolic disorder have been proposed to cause AD \[[@B203]\].

### 5.2.1. GFAP and Vimentin Are the Main Proteins in Astrocytes {#sec5.2.1}

Astrocytes are normal cells in the mammalian brain coinciding with oligodendrocytes and microglia \[[@B204]\]. The main feature of astrocytes is the expression of the intermediate filaments vimentin and glial fibrillary acidic protein (GFAP), which are upregulated during CNS injury, where the astrocytes become reactive in a process known as astrocytosis or astrogliosis \[[@B205]--[@B207]\]. The BBB is formed by brain capillary and endothelial cells (ECs) which are strongly associated with astrocyte endfeet processes and pericyte cells \[[@B138]\]. The endfeet of astrocytes build up a connection between the endothelial bloodstream and neurons and regulate the formation and consistency of the BBB ([Figure 6](#fig6){ref-type="fig"}) \[[@B208]\]. Astrocytes appear as a common target of PAD2 activation in the pathological conditions as they act as a reservoir of arginine in the brain \[[@B209]\]. Astrocytes composed of an intermediate filament (IF) network are associated with the transduction of biomechanical and molecular signals. Intermediate filament proteins are classified into six categories based upon sequence homology \[[@B210]\]. Proteins such as glial fibrillary acidic protein (GFAP), vimentin, desmin, and peripherin are classified as a type III IF protein. Commonly, GFAP is the main marker for astrocytes and is highly expressed in the aged brain as well as in CNS degeneration and brain injury \[[@B211]\]. The hippocampi of AD patients showed an elevated level of PAD2 and accumulated citrullinated proteins, particularly structural proteins such as vimentin, GFAP, and MBP \[[@B3], [@B212]\].

### 5.2.2. Abnormal Accumulation of Citrullinated GFAP in AD {#sec5.2.2}

The high citrullination of GFAP and vimentin with the abnormal accumulation of citrullinated peptides has been detected in the hippocampus of patients with Alzheimer\'s disease (AD). In addition, elevated PAD2 immunoreactivity was also detected in astrocytes of the hippocampus and entorhinal cortex of AD patients compared to age-related normal individuals \[[@B199], [@B213]\]. It was suggested that citrullination promotes the disassembly process of these intermediate filament proteins \[[@B3]\]. Normally, PAD2 is inactive during neurodegeneration or brain injury when the intracellular calcium balance is disturbed \[[@B214]\]. Experimentally, it was found that the levels of PAD2 in the hippocampus of rats are threefold higher than in the brain cortex. However, under hypoxic conditions and during kainic acid-evoked neurodegeneration, PAD2 is activated and many cerebral proteins undergo citrullination \[[@B199]\]. Interestingly, extracted hippocampal tissues from AD and normal brain revealed that the amount of PAD2 in AD tissue was distinctly higher. In addition, histochemical examination of AD hippocampus revealed the presence of citrullinated proteins obviously in the dentate gyrus and stratum radiatum of CA1 and CA2 areas, while in the normal hippocampus tissue there were no measurable citrullinated proteins \[[@B214]\]. It has been identified that the citrullination of GFAP and vimentin led to their disassembling and unfolding and which subsequently changed the size and shape of astrocytes \[[@B199], [@B215], [@B216]\].

An elegant analysis for samples collected from AD and non-AD patients clearly identified the citrullinated sites of three proteins; glial fibrillary acidic protein (GFAP), myelin-based protein (MBP), and neurogranin (NRGN). GFAP appeared to have five citrullinated arginine residues at R30, R36, R270, R406, and R416 compared to MBP that contained fourteen citrullinated arginine residues and one residue in NRGN \[[@B217]\]. The citrullinated GFAP is subjected to caspase 3 which is a cysteine protease that cleaves GFAP and destroys astrocytes in the brain of AD patients \[[@B218]\]. An important role of citrullinated GFAP, which is not conclusively confirmed, is to protect neurons from extrinsic invaders through defects in BBB. Citrullinated GFAP can bind to the deteriorated BBB as the astrocytes\' endfeet are tightly attached to the endothelial cell junctions \[[@B219]\].

### 5.2.3. Pathogenesis and Immune Response in AD {#sec5.2.3}

The major neuropathological hallmarks of AD include senile plaques (SP), which are formed by extracellular sedimentation of amyloid *β*-protein (A*β*), intracellular neurofibrillary tangles, which are composed of the tau protein, and deficient neurons and synapses ([Figure 7](#fig7){ref-type="fig"}) \[[@B220]\]. Different reports revealed high concentrations of PAD2 and citrullinated GFAP and vimentin in the large reactive astrocytes located around the amyloid plaques \[[@B199], [@B221]\] and in the frontal cortex at the junction between gray and white matter \[[@B216]\]. These citrullinated proteins are believed to affect the ability of reactive astrocytes in the degradation of extracellular amyloid plaques in AD and phagocytosis of A*β* protein \[[@B215], [@B222]--[@B224]\].

Th cells, including Th1, Th17, and Tregs cells have been indicated to drive the adaptive immune response and to be involved in the early period of AD pathological changes \[[@B225]--[@B234]\]. Th1 cell differentiation is promoted by IL-12 and characterized by the secretion of IFN-*γ* and expression of transcription factor T-bet. Th17 cells are highly activated in several autoimmune disorders and chronic inflammation \[[@B185], [@B228], [@B235]--[@B237]\]. The immune response in AD inflammation involves the differentiation of the Th17 lineage, which is induced by several cytokines, such as IL-12p40, IL-23p19, TGF-*β*, IL-1, and IL-6, and blocked by IFN-*γ* and IL-4. IL-17A and IL-17F represent the main secretions of Th17, which combine to form homodimers or heterodimers. They act with other proinflammatory cytokines to induct neutrophils and monocytes into the inflammation site \[[@B184], [@B238]\]. The differentiation of Th cells into Treg cells are induced by high levels of TGF-*β* and IL-2. These cells could inhibit deleterious proinflammatory action, e.g., demyelination, and induce myelin regeneration \[[@B239]\]. Thus, the neuronal loss in AD is caused by the loss of cellular components, including citrullinated proteins that trigger the autoimmune response and consequently trigger the production of autoantibodies \[[@B221]\]. Thus, this proves the hypothesis that the accumulation of citrullinated proteins is related to the presence of anti-CCP antibody serum \[[@B240], [@B241]\].

### 5.2.4. Prevalence of Alzheimer\'s Disease in Saudi Arabia {#sec5.2.4}

According to the last census and statistic of the Saudi population performed in 2017, the total population is around 32.5 million; the number of elderly people with ages above 65 years is about 1,050,885, which represents about 3.2% of the total population. Among this, 57.48% were male and 42.52% were female. The number of the Saudi elderly is about 854,281 representing 4.19% of the total Saudi population. Out of this number, 48.9% were male and 51.1% were female ([Table 6](#tab6){ref-type="table"}). A survey on the elderly obtained from the General Authorities for Statistics in Saudi Arabia illustrated that 13,343 of the Saudi elderly people are diagnosed with AD, which represent about 1.5%. By age grouping, a high ratio of 78.2% of the elderly people with AD fall in the age above 75 years compared to 2.8% for the age between 65 and 74 years ([Table 7](#tab7){ref-type="table"}) (General Authority for Statistics in the Kingdom of Saudi Arabia (GASTAT)). In addition to aging, other factors lead to high developments of AD such as diabetes and hypertension that are increased in Saudi Arabia with more than 8.5% of the Saudi population.

The most common complications related to Alzheimer\'s disease are misplaced possessions, falling down, broken bones, and pulmonary infections such as pneumonia. Men were markedly observed to be associated with misplacing possessions and low background for pneumonia; these conditions were reported as the main cause for hospital admission. The attention given to these factors is very important for an AD patient to prevent such complications and to help in early therapy to minimize the level of morbidity and mortality \[[@B242]\].

5.3. Systemic Lupus Erythematosus (SLE) {#sec5.3}
---------------------------------------

Lupus erythematosus (LE) is a highly heterogeneous autoimmune disease characterized by abnormal immune cells and the production of numerous autoantibodies. LE is classified into two categories, cutaneous lupus erythematosus (CLE) and systemic lupus erythematosus (SLE). The cutaneous pattern (CLE) is characterized by skin wounds or lesions, while SLE is associated with greater systemic impairments \[[@B243]\]. Systemic lupus erythematosus (SLE) is predominantly found in young females especially in the childbearing age group. It involves many organs and tissues of the body, such as dermal tissues; cardiovascular organs; and connective tissue, muscle, joints, brain, and kidney. This disease is accompanied by the release of multiple autoantibodies \[[@B244]\]. Systemic lupus erythematosus (SLE) causes serious morbidity and early mortality, especially in women of childbearing age and minorities. The chronic inflammation and production of pathogenic autoantibodies in SLE are referred to as immune dysregulation, which result in a wide range of clinical aspects, including arthritis, skin rashes, renal failure, and central nervous system damage \[[@B245]\]. The most common complication of SLE that has high morbidity and mortality is lupus nephritis (LN); mortality occurs in end-stage renal disease (ESRD) \[[@B246]\]. The etiology of LN is complex and is attributed to environmental and genetic factors \[[@B247]\].

### 5.3.1. Source of Antigens Involved in SLE {#sec5.3.1}

Apoptosis and NETosis have been defined as the main source of autoantigens in SLE \[[@B248]\]. The impaired or defective mechanism of these processes has been found to produce multiple molecules that contribute to the pathogenesis and autoimmunity of many autoimmune diseases including SLE \[[@B249]\]. Apoptosis is an immunologically silent cell death process with greater regulation that has a critical function in tissue homeostasis. This process is extremely organized and has a safe mechanism for tissues to rebuild on avoiding inflammation and immune response. Regarding apoptosis, the cysteine protease enzyme named caspase is activated to drive the degradation of cellular components in a very regulated and managed pathway. The defect of substantial survival signals and the binding of cell surface receptors such as Fas and TNFR could induce apoptosis. This process involves a sequence of morphological changes, such as cytoskeletal disorganization, cell contraction, DNA segmentation, and plasma membrane protrusion or blebbing \[[@B250]\]. Under normal conditions, the removal of the apoptotic products is the function of immune cells such as neutrophils, macrophages, and dendritic cells. The defective clearance function of these cells with an abnormal apoptosis pathway leads to the accumulation and exposure of the apoptotic debris to the immune system, thus inducing the pathogenesis of SLE. In SLE, the apoptotic blebs have been concentrated with targeted nuclear autoantigens \[[@B251], [@B252]\]. NETosis is a unique model of neutrophil cell death, and it has been identified as additional source of autoantigens in SLE \[[@B253]\]. During this process, neutrophils emerge from fibrous networks containing DNA fragments, citrullinated histones, and granule enzymes such as neutrophil elastase, myeloperoxidase, and cathepsin G. These components are known as neutrophil extracellular traps (NETs) and serve to catch and kill extracellular pathogens such as bacteria, viruses, fungi, and parasites \[[@B254]--[@B256]\]. One of the characteristic features of SLE patients is the impairment of the NETosis process that causes the formation of low-density granulocytes (LDGs). LDGs are neutrophils with an impaired phagocytic function and act as a proinflammatory cell in SLE to enhance the production of cytokines, especially interferon type I (IFN-I) \[[@B249], [@B257]\]. Apoptosis is a well-organized and controlled process, while NETosis is faster and less well ordered \[[@B258]\]. Insufficient removal of apoptotic cells and NETs by phagocytic cells results in the accumulation and presentation of modified proteins (histones) to the immune cells. These modified histones are detected by innate immune cell receptors such as toll-like receptors (TLR) as autoantigens or foreign substances \[[@B258]\].

### 5.3.2. Citrullination and Carbamoylation Are PTMs Implicated in SLE Development {#sec5.3.2}

Citrullinated proteins were detected in inflamed tissues of SLE patients, including NET-associated histone protein \[[@B71]\]. A citrullinated histone is defined as a special marker for NETs, and it is important for NET formation ([Figure 8](#fig8){ref-type="fig"}). A histone is citrullinated by the catalytic activity of PAD4 during NETosis, where the calcium level is elevated \[[@B77], [@B80]\]. Certain modifications of NET histones may associate with the tolerance disruption of the NET-associated proteins. PAD4-induced citrullination of histones plays an important role in chromatin decondensation and controlling gene regulation and may contribute to tumorigenesis \[[@B71]\]. In addition to neutrophil extracellular traps (NETs), it has been associated with early and various inflammatory \[[@B259], [@B260]\] and autoimmune diseases such as SLE \[[@B261]\]. The PAD4 enzyme is predominant in neutrophils and plays an important role in the initiation of NETosis through histone citrullination. Curiously, histones were reported to be extensively disordered, with intrinsic disorder not only being abundant in these proteins but also being crucial for their various functions, starting from heterodimerization to the formation of higher order oligomers, to interactions with DNA and other proteins, and to posttranslational modifications \[[@B262]\]. More detailed information on the roles of PADs and citrullination in NETosis mechanisms of formation, regulation, and in vivo/in vitro induction has been discussed in several dedicated reports \[[@B27], [@B249], [@B263]--[@B270]\].

On the other hand, carbamoylation is a PTM that is very similar to citrullination; this protein modification is a nonenzymatic process that involves the binding of the isocyanic acid (cyanate) to the lysine residue resulting in the formation of homocitrulline or carbamylated protein ([Figure 1](#fig1){ref-type="fig"}). Cyanate is mainly generated from urea dissociation; it may also be produced from the catabolism of thiocyanate \[[@B271]\]. Myeloperoxidase (MPO), which is abundant in neutrophils, may also induce carbamylation in smokers by converting thiocyanate into cyanate \[[@B272]\]. Studies on SLE patients with articular and renal involvement have identified many patients who express autoantibodies against carbamylated protein; these autoantibodies are termed anticarbamylated (anti-CarP) autoantibodies \[[@B273], [@B274]\]. Recently, both modified proteins, i.e., citrullinated and carbamylated proteins, have been shown to play an important role in the pathogenesis of SLE, the autoantibody systems, including anti-Carp and anti-CCP antibodies which are emerging as useful biomarkers for the diagnosis of the disease \[[@B275]\].

### 5.3.3. Autoantibodies Produced in SLE {#sec5.3.3}

SLE is a systemic autoimmune disorder characterized by the presence of pathogenic autoantibodies that attack many self-antigens. Circulating autoantibodies have been detected serologically and their levels correlated with the SLE severity ([Table 8](#tab8){ref-type="table"}). These autoantibodies are targeting many organs such as the kidneys and skin, causing tissue inflammation and organ disorder. Two isotypes of antinuclear antibodies (ANA), IgG ANA and IgM ANA, have been described to play a significant role in SLE as well as other systemic autoimmune diseases. ANA IgG is involved in disease pathogenesis \[[@B276], [@B277]\], while ANA IgM is known to prevent autoimmunity and inhibit immune responses induced by IgG ANA; hence, in healthy individuals, circulating ANA IgM is detected and is required for the noninflammatory removal of cellular debris \[[@B278]--[@B280]\]. The role of IgA and IgE isotypes in SLE pathogenesis is not well defined \[[@B281]\]. Antinuclear antibodies are detected in more than 95% of the patients. Anti-double-stranded DNA (ds-DNA) and anti-Smith (anti-Sm) antibodies are specific to SLE patients and used for the classification criteria of SLE \[[@B277]\]. The Sm antigen is a small nuclear ribonucleoprotein (snRNP) associated with the RNA molecules. Anti-Sm antibodies attack the snRNP core proteins, whereas anti-ds-DNA antibodies react with the conserved nucleic acid determinant of DNA \[[@B282]\].

Anticitrullinated antibodies (ACPA) or anticyclic citrullinated antibodies (Anti-CCP) are autoantibodies produced against the citrullinated peptides. Some early reports classified these autoantibodies as sensitive, specific, and unique for rheumatoid arthritis (RA) \[[@B283]\]. While later, they were detected in other non-RA autoimmune disorders such as psoriatic arthritis, SLE, and juvenile idiopathic arthritis with majority of their presence detected in RA \[[@B284]\]. Anticyclic citrullinated antibodies (anti-CCP), rheumatoid factor (RF), and C-reactive protein (CRP) are considered as diagnostic markers in the laboratory investigations of SLE, especially the articular subset. Anti-CCP antibodies and RF markedly increased in SLE patients with the articular arthritis, particularly in erosive and deforming episodes \[[@B285]\].

For an extended period, synovitis and musculoskeletal inflammation were the most common manifestations in 69-95% of SLE patients \[[@B286], [@B287]\]. The identification of erosion or erosive arthritis in SLE was very rare. Recently, the application of more advanced radiological methods such as ultrasonography (US) has assessed the evaluation of the joint damage in SLE, and up to 25.8-71% of the investigated cases have been reported with erosive arthritis \[[@B275], [@B288]\]. Anti-CCP antibodies have been widely investigated and detected in the sera of erosive SLE patients, and they have been used as a sign of the severity of erosive arthritis in association with US findings and laboratory investigations \[[@B287], [@B289]\]. In the last few years, different studies were conducted on small and large cohorts to evaluate the presence of anti-CCP antibodies in the US-confirmed SLE with erosive arthritis. The findings of these studies showed variable levels of anti-CCP, ranging from 12% in some studies up to 50% in another \[[@B287], [@B288], [@B290]\].

More recently, the anticarbamylated protein (anti-CarP) antibodies have been proposed as a candidate biomarker for erosive arthritis in SLE patients. Recent studies have revealed the prevalence of the anti-CarP in SLE with joints and renal involvements \[[@B274]\]. The evaluation of anti-CarP antibodies in SLE patients with kidney involvements showed a significant incidence (27.5%) of anticarbamylated vimentin autoantibodies in the lupus nephritis phenotype, thus suggesting that the carbamylated proteins (vimentin) trigger autoimmunity in SLE, and anti-CarP antibodies could be a useful biomarker in SLE with renal involvement \[[@B291]\].

Moreover, the association between anti-CarP antibodies and SLE has recently been assessed in large cohort studies of SLE patients with and without articular involvement; the findings showed a 50% prevalence of anti-CarP antibodies in SLE with joint involvement, which is higher than in patients without joint involvement \[[@B292]\]. A few recent studies have been considered with the anti-CarP antibodies and their significance in SLE with erosive phenotypes. The prevalence of anti-CarP antibodies was up to 28% in SLE patients with radiographically detected erosive damage. The significant association between anti-CarP antibodies and erosive arthritis suggests that these antibodies provide a new biomarker for SLE, particularly for SLE with erosive joint damage \[[@B274]\].

### 5.3.4. Immune Dysregulation Involvement in SLE {#sec5.3.4}

Role exploration of immune response dysregulation in the pathogenesis of early SLE was the basis to reach the ideal avenue for preventing the progression of organ damage and reducing the morbidity and mortality associated with early SLE \[[@B293]\]. Macrophage and dendrocyte cells are accountable for the recognition and clearance of the products of the apoptotic process by their function as phagocytic cells; this process is very complicated and driven by different factors. The defect in this function results in the deposition of dead cells and fragments which trigger the immune response. Phagocytosis is a well-organized serial process involving the recognition and opsonization of apoptotic cells and debris, secretion of chemokines, and engulfment of these apoptotic cells. Therefore, the efficiency of phagocytosis may induce (proinflammatory) or dampen (anti-inflammatory) the immune response \[[@B248]\]. Pathogenesis of SLE is also attributed to an abnormality of an adaptive immune system involving functional defects of T and B lymphocytes and abnormal secretion of cytokines. Moreover, aberrant secretions of cytokines were revealed to give an early prognosis in SLE; this is confirmed by detecting the early presence of these cytokines before the production of autoantibodies \[[@B293]--[@B299]\]. Moreover, it is presumed that the pathogenesis of early (preclinical) stages of SLE are affected by the dysregulation of CD4^+^ or T-helper lymphocytes (Th1) associated with the abnormal secretion of cytokines, especially interleukin 2 (IL-2). Likewise, the irregular secretion of interleukin 17 (IL-17) by T-helper lymphocytes (Th17) induces high inflammation response \[[@B295]\]. It has been shown to play an important role in autoimmune diseases such as systemic lupus, leading to dysfunction and inappropriate regulation associated with disease activity. The number of TH17 lymphocytes increased in systemic lupus patients, and in contrast, samples lacking TH17 were resistant to the disease. Because of this, its impact is known while its generation mechanism is not entirely defined \[[@B300], [@B301]\]. Recently, studies have provided further evidence that the IL-21/IL-21R pathway plays a major role in the pathogenesis of autoimmune diseases, in particular SLE. The production of IL-21 is mainly restricted to CD4^+^ T cells, Th17-, and T follicular helper (TFH) lymphocytes.

Plasma levels of IL-21 were significantly elevated in SLE patients in comparison with healthy controls. The IL-21 receptor (IL-21Ra) could be expressed in various cell types, including T-, B-, and NK lymphocytes; dendritic cells; and macrophages. IL-23 is a heterodimeric cytokine produced predominantly by activating antigen-presenting cells, such as macrophages and dendritic cells. Although IL-23 plays minor role in the differentiation of Th17 from naïve T cells, it is necessary for driving the expansion of Th17 cells and so it is involved in the pathogenesis of various autoimmune diseases. This is why the IL-23/IL-17 axis is one of main cytokine axes driving the pathogenesis of various autoimmune diseases. IL-23 and IL-17 levels as well as the number of Th17 cells were elevated in SLE patients compared to control subjects regardless of disease severity \[[@B302]\]. In some studies, the levels of circulating IL-17 correlated with disease activity. Also, such cytokine levels were even higher in lupus patients with nephritis than in those without nephritis \[[@B300]\]. Although SLE patients have increased IL-17 production, the role of this cytokine in lupus pathogenesis is yet to be defined. IL-17 can induce the production of an array of inflammatory cytokines, chemokines, and MMP from immune and nonimmune cells, leading to the recruitment and activation of inflammatory cells with tissue damage .We suggest that IL-17 could be responsible for inflammatory tissue damage in lupus nephritis because of the increased IL-17 gene expression and excretion in the urine sediments from lupus patients \[[@B302]\].

In addition, the dysregulation of the cytokine pathway was suggested to play a significant role in the pathogenesis of early stages of SLE. Abnormal interferon (INF) and interleukin (IL) pathways with marked elevations of IL-6, IL-5, and IFN-gamma (IFN-*γ*) have been detected in SLE patients compared to normal individuals and preceding the autoantibody production by more than 3.5 years. Similarly, different chemokines and tumor necrosis factor (TNF) superfamily proteins such as proliferation-inducing ligand (APRIL) and B lymphocyte stimulator (BLyS) were elevated lengthwise in SLE 10 months before being diagnosed \[[@B293]\].

It has been observed that all patients with lupus erythematosus had an increase in the expression of interferon type I (IFN-I). This may relate to TH17, where higher rates of IL-17A, IL-17F, and type 1 IFN were found in patients with lupus erythematosus when compared to patients who did not carry it and to healthy individuals. This indicates a correlation activity between IFN- and TH17-specific IL-17 cells, which release IL-21 causing SLE \[[@B181], [@B302]\]. A strong inverse correlation exists between serum IL-27 levels and SLE disease activity. This finding suggests the existence of signals that inhibit IFN-I-mediated IL-27 production to enable the generation of pathogenic Th17 cells. IFN-I-induced IL-27 will suppress the Th17 tissue-damaging response which may prevent undesirable immunopathology. This immunoregulatory pathway is disrupted in the SLE case and other IFN-I-dominated autoinflammatory conditions, where the chronic activation of C5a will suppress the IFN-I induction of IL-27 production and permit the generation of pathogenic Th17 cells. This results in the breakdown of tolerance and subsequently end-organ damage. C5a could also modulate adaptive immune responses, including T cell proliferation/differentiation, and could also modulate the balance of the Th17 cell subsets. A recent report indicated that the C5a-C5aR interaction inhibited Th17 differentiation through diminished production of TGF-*β*, IL-6, and IL-23. C5a enhanced IL-17 production by human T cells, which is dependent on IL-6 enhancement. It demonstrated the negative regulation of IFN-I-induced IL-27 production by the complement component C5a via the C5aR receptor on macrophages. Activation effects of C5aR on the macrophage blocked IFN-I-mediated IL-27 production and permitted the differentiation of Th17 cells. We found that C5a inhibited IFN-I-induced IL-27 production, and the level of serum C5a correlated with Th17 frequency in the peripheral blood \[[@B302]\]. Many studies suggested that a strategy designed to reduce the levels of C5a by neutralizing it or preventing its cleavage from C5 and/or strategies to downregulate C5aR expression or signaling may have beneficial effects for SLE patients. Several therapeutic agents have been developed to block the effects of C5a. Eculizumab is one such therapy which prevents C5 from being cleaved to form C5a. It is currently approved by FDA for use in paroxysmal nocturnal hemoglobinuria \[[@B302]\].

Production of both IL-5 (Th2) and IL-6 (Th2 and Th17) cells could be fundamental in the early pathogenicity of SLE. About 20% of preclassified SLE patients showed an elevated amount of IL-5 and IL-6 six years before classification compared to 90% of two-year postclassified patients \[[@B293]\]. A previous study has suggested that the TLR/ILR family and the single immunoglobulin IL-1-related receptor (SIGIRR) controls the differentiation of Th17 cells and the secretion of IL-17 \[[@B300]\]. The results of studies demonstrate that SIGIRR and Th17 cells are the key elements in the control of chronic autoimmune diseases, including SLE. Recent studies also have pointed out other agents that could affect the differentiation of TH17 \[[@B303]\], such as increasing the amount of sodium chloride in the foodstuff and thereby enhancing the response to autoimmune diseases. This is similar to leptin, which accelerates the development of red lupus autoimmune diseases and demonstrates its ability to promote cell differentiation TH17 \[[@B50]\].

T suppressor or regulator cells (Tregs) are lymphocytic cells characterized by the expression of CD4^+^ and CD25^+^ and are known to have an essential function in the preservation of immune tolerance ([Figure 9](#fig9){ref-type="fig"}). The impaired function of Tregs results in the abnormalities of B and T cells and SLE progression \[[@B304]\]. The regulatory function of Tregs depends on the secretion of inhibitory cytokines such as IL-10, IL-35, and TGF-*β*and the secretion of cytotoxic toxins such as perforin and granzymes. IL-12 produced by dendritic cells is important for T-lymphocyte activation and Th1 lineage differentiation. This cytokine is blocked by IL-10 of Tregs, thus Tregs regulate the immune response induced by T cells. In addition, dysregulation of Tregs like in the defect of IL-10 secretion is known to cause mucosal inflammation without evoking an autoimmune response \[[@B305]--[@B308]\]. Recently, Treg lymphocytes revealed a reversed role in the pathogenicity of SLE via their elevated level in the active stages compared to inactive patients and normal individuals \[[@B309]--[@B312]\].

### 5.3.5. SLE in Saudi Population: Prevalence and Awareness {#sec5.3.5}

Many studies that were performed at the Eastern and Central regions of Saudi Arabia showed that SLE is more distributed in young females of childbearing age between 20 and 30 years \[[@B313]--[@B315]\]. Genetic factors seem to be the major reasons for the pathogenesis of SLE. Consanguineous families with positive SLE showed of autosomal recessive inheritance. The MHC class II gene is highly associated with the occurrence of SLE in the Saudi population. The HLA-DRB1^∗^ 15-HLA-DQB1^∗^06 haplotype is considered a major risk factor for SLE in Saudis \[[@B314]\]. Most causes of hospital admission in Saudi Arabia are due to active SLE disease followed by renal diseases. Concerning the gender, Saudi males are associated with a poorer prognosis \[[@B316]\]. Regarding childhood SLE, girls are five times more susceptible than boys before adulthood. In the adolescent age, women are more affected than men at a ratio of 14 to 1, which is similar to that in adult patients with SLE. Various studies have found that the most evident symptoms were reported after puberty at the adolescent age, and these mainly involve hematological and renal manifestations with an offensive course \[[@B317], [@B318]\]. Depression is the most common psychiatric disorder in Saudi SLE patients, and this would be related to the cultural and social differences regarding the acceptance of chronic illness as well as the unique lifestyle practices by women in Saudi Arabia that can substantially increase the pressure on patients, particularly females, and thus impact their mental health. The high prevalence of depression among Saudi patients with SLE may highlight the need for routine and careful evaluation for depressive symptoms among those patients. Adequate psychiatric consultation and appropriate treatment are necessary for SLE patients \[[@B319]\]. Other studies were performed to assist and support the awareness of Saudis about SLE, and significant reports showed poor public knowledge of SLE among participants even among medical students \[[@B320]\].

5.4. Rheumatoid Arthritis (RA) {#sec5.4}
------------------------------

Rheumatoid arthritis (RA) is a systemic disorder of indefinite causes that is characterized by inflammation, chronic pain, and joint deformity (polyarthritis) which extend from distal to proximal joints. RA is manifested by serological testing of autoantibodies \[[@B321]\]. It is an inflammatory immune-mediated disease with a prevalent ratio of 0.5--1% in developed countries \[[@B322], [@B323]\]. Chronic synovial inflammation and hyperplasia represent the main characteristics of RA which drive the particular damage and bone thinning which leads to functional impairment and disability \[[@B324]\]. Several studies found that RA is globally widespread with no area or racial specification ([Table 10](#tab10){ref-type="table"}) \[[@B321]\], and its annual rate for occurrence is around 40 cases per 100,000 with an obvious incidence ratio (2 : 1 to 3 : 1) between females and males \[[@B325]--[@B327]\]. The lifetime risks of RA patients estimated among females and males were found to be 3.6% and 1.7%, respectively \[[@B328]\]. Rheumatoid arthritis is one of the autoimmune disorders characterized by the production of autoantibodies such as rheumatoid factor (RF) anticitrullinated peptide antibodies (ACPAs). Noteworthy, these autoantibodies were significant markers in the diagnosis of RA, and some patients showed negative serology. This disease is complicated and could occur in response to different factors such as environmental and genetic factors. Insufficient therapy of RA can cause joint destruction and irreversible disability \[[@B329]\].

### 5.4.1. Risk Factors in RA Development {#sec5.4.1}

RA is considered a prototypic polygenic disorder in which the combination of genetic and environmental factors results in the development and production of autoantibodies that invade and destroy self-tissues \[[@B330]\]. The locus HLA-DR4, particularly DRB1^∗^0401 and DRB1^∗^0404 alleles, is considered as a major genetic risk factor in RA and contributes to about 40% of genetic impact. About 70% of RA patients are identified to express HLA-DR4 (DRB1^∗^0401 and DRB1^∗^0404), compared to 30% expressed in normal individuals \[[@B331]\]. These alleles encode for a specific amino acid sequence known as the shared epitope (SE) \[[@B332]\]. The shared epitope (SE) or "susceptibility epitope" is composed of 70 to 74 amino acids located in the third hypervariable region of the DRB series. The risk of these alleles in RA development is clarified through their ability to submit an arthritogenic substance, especially deiminated or citrullinated proteins which is subsequently recognized by T lymphocytes \[[@B331]\]. The environmental risk factors for RA involve cigarette smoking, silica exposure, changes in the microbiota, infectious agents, vitamin D deficiency, and obesity. Although some of these factors were studied, not all are supported by clear evidences. The association between genetic and environmental factors is believed to play a crucial role in RA progression.

The production of ACPAs is highly linked to the shared epitope and cigarette smoking. Smoking is considered as the major environmental risk factor contributing to RA disease. Furthermore, it can trigger both innate and adaptive immune responses \[[@B333]\]. In contrast to the nonsmoking and nonexpressing (HLA-DR4 SE) individuals, the susceptibility for RA is 20 times higher in patients with associated smoking and SE \[[@B334]\]. In an interesting report performed on a group of first degree relatives (FDR) of the RA patients in this study, cigarette smoking was found to be a significant and potentially adjustable risk factor during preclinical stages of RA. In this FDR group, a patient less than 50 years old and smoking more than 10 packs per year appeared a high risk for RA and joint inflammation \[[@B335]\]. The exposure to certain chemical dusts such as silica, cement, and glass filaments leads to an increased risk of RA, particularly silica exposure. A study was performed on a firefighter and an emergency helper who participated in the rescue during the September 11 attacks; later these responders showed high susceptibility for developing autoimmune disorders, including RA \[[@B336], [@B337]\]. In addition, exposure to cloth dust contributed to a higher risk for RA between Malaysian women \[[@B338]\]. The variation in the composition and function of gut microbiota is tightly linked to RA. Other studies have shown a modified gut microbiota (dysbiosis) in RA cases. Stool samples obtained from RA patients were analyzed for gut microbiota; the results showed a reduction of gut microbiota in comparison to normal individuals which correlated with disease period \[[@B333], [@B339]\]. Periodontitis pathology, similar to RA, is characterized by chronic progressive inflammation that causes bone dissolution in the mouth cavity. The source of this disease is *Porphyromonas gingivalis* which targets individuals predominately expressing HLA-DRB1^∗^04 alleles \[[@B82]\]. Several epidemiological reports illustrate the prevalence of RA among periodontitis patients \[[@B340]\]. The pathogenesis of RA related to the *P. gingivalis* bacterium, which is capable of stimulating citrullination under PAD activity \[[@B333]\], and antibodies produced against this bacterium are correlated with ACPA titers \[[@B341]\].

### 5.4.2. RA and Citrullination {#sec5.4.2}

The existence of citrullinated proteins is not only a unique feature of RA but its capability of eliciting the autoimmune response to this posttranslational modification is a very important diagnostic feature \[[@B330]\]. Although many efforts and experiments concentrate on certain modified proteins such as vimentin, enolase, antithrombin, and type II collagen, the later researches on RA patients showed reactivity against a wide variety of citrullinated proteins \[[@B342]\]. The presence of autoantibodies to natural citrullinated peptides has been considered as a highly distinctive and positive predictive value (PPV) for RA cases \[[@B343]\]. The elevated level and the translation and activation of PAD2 and PAD4 enzymes are clearly present in RA patients \[[@B3], [@B83]\]. These enzymes are implicated in the inflammation process of RA. The PAD4 enzyme is mainly located in phagocytic cells such as macrophages and granulocytes such as neutrophils and eosinophils, whereas PAD2 is highly distributed in macrophages \[[@B55]\]. The inflamed synovial tissues in RA also have many PAD2-presenting macrophages and occasionally PAD4-expressing granulocytes. Usually, PADs are located intracellularly, either in the cytoplasm or in the nucleus specifically for PAD4 \[[@B2]\].

RA patients revealed high titers of ACPA in both serum and synovium, which correlated to the intracellular citrullinated peptides independent of local disease activity. The prevalence of intracellular citrullinated proteins was accompanied with PAD2 \[[@B344]\], whereas the extracellular citrullinated peptides, especially fibrin, were found to be related to PAD4 \[[@B345]\]. Cytoplasmic PAD2 and intranuclear PAD4 are found in an inactive condition within cells due to the low level of intracellular calcium. \[[@B346]\]. As Ca^2+^ concentration rose, both PADs were activated and leaked out to the cells to catalyze extracellular protein citrullination \[[@B16], [@B55]\]. Citrullination or deimination has been found to affect the coagulation factors such as fibrin proteins, which can be citrullinated by PAD2 and PAD4 and can stimulate an immune response at the affected sites. RF and ACPAs then target these citrullinated fibrinogens \[[@B347]\]. In this context, antithrombin, which is a thrombin inhibitor, is known to be deiminated by PAD4, and citrullination of antithrombin diminishes its function to prevent thrombin formation which results in a high rate of clotting or coagulation and consequently may cause RA. Therefore, antithrombin is important in RA stimulation, mainly at the beginning of the disease \[[@B348]\]. Citrullinated fibrinogens were detected early in the synovium of RA patients \[[@B349]\] and were found to be targeted by ACPA \[[@B346]\]. The coagulation process is balanced by the fibrin clot formation and degradation (fibrinolysis). Fibrinogen is converted to fibrin by the action of thrombin into *α* and *β* chains of fibrin. Citrullinated fibrinogen affects the balance between coagulation and fibrinolysis and causes the accumulation (deposition) of fibrin. These fibrin deposits induce autoimmunity and are defined to be the pathological hallmark of RA. The major antigenic targets for ACPA in the rheumatoid synovium were the *α* and *β* chains of citrullinated fibrin \[[@B349]\]. The pathogenicity of RA was attributed to collagen, and the citrullinated collagen type II was found to increase the susceptibility for autoimmune response and inflammatory arthritis. Moreover, the risks of arthritis were linked to the amount of activated PAD4 and deiminated collagen \[[@B3]\].

### 5.4.3. RA Citrullinome {#sec5.4.3}

Citrullination is an important physiological process when it occurs in selective patterns such as citrullination of filaggrin during keratinocyte differentiation, citrullination of MBP for CNS plasticity, and gene regulation \[[@B350], [@B351]\]. The pathological or nonselective citrullination occurs as a result of dysregulated PAD activity, which leads to the production of new citrullinated epitopes not tolerated by the immune system and subsequently drives the immunogenicity in predisposed individuals \[[@B352]\].

The synovial fluid of RA patients has been found to comprise a unique type of citrullination known as hypercitrullination. The poteomic analysis of the RA synovium has specified more than 150 citrullinated proteins in the cellular and extracellular components, which encompass the RA citrullinome \[[@B351]--[@B354]\]. This citrullinome had been identified to play an essential role in the pathogenesis of RA and the generation of ACPAs. Although a large number of citrullinated proteins have been detected in the RA synovium, specific proteins, e.g., vimentin, fibrinogen, and *α*-enolase, have been identified as the primary targets for ACPAs \[[@B352]\]. Recently, the investigations of the several synovial fluids from RA patients lead to the discovery of complete new citrullinated proteins that were unspecified as a part of an RA-associated citrullinome \[[@B354]\].

As aforementioned, PADs are catalytic enzymes promoting protein citrullination, and an abundance of PAD-expressing cells exist in RA joints, which contributes to the RA citrullinome. Neutrophils, monocytes, and fibroblast-like synoviocytes (FLS) are the most abundant cells in the synovium and have been considered as major sources of PADs involved in the intracellular and extracellular citrullinations \[[@B355], [@B356]\].

### 5.4.4. Immune Response and Autoantibodies in RA {#sec5.4.4}

The histological structures of the synovial joint in both normal and RA inflamed sites include the synovial joint surrounded by outer fibrous capsules which consist of the synovial cavity filled with synovial fluid and surrounded by synovial membrane. The synovial membrane composed of the cellular intima layer is characterized by two synoviocytes cells, the macrophage-like synoviocytic cells and fibroblast-like synoviocytes (FLS). The FLS is responsible for the secretion of the synovial fluid which has a role in the immunity of RA. The vascular subintima is a loosely connective tissue containing fibroblasts, macrophages, mast cells, and fat cells ([Figure 10](#fig10){ref-type="fig"}).

The contact between structural cells and innate immune cells within synovial joints is observed and involved during RA development. The innate immune cells are very close to synovial cells and they have an important role in RA progression. In the RA synovium, fibroblast-like synoviocytes (FLS) are also implicated in the joint damage. RA FLS was found to be activated by cytokines such as TNF-*α* and IL-6 through cell-to-cell contacts or through the activation of TLR2, TLR4, and TLR3. After the activation of the FLS, cells attack the extracellular matrix (ECM) and secrete matrix metalloproteinases (MMPs) which are implicated in destroying the cartilage and bone tissues leading to the amplification of joint destruction. During chronic inflammation, the FLS cell invades the noninflamed synovial tissue, causing an expansion of arthritis and the damage of the other joints \[[@B357]\]. These cells secrete MMPs and proinflammatory cytokines by the action of TGF-*β* \[[@B333]\].

The macrophage-like synoviocytes secrete many cytokines, such as IL-1, IL-6, and TNF which are involved in the proinflammatory response \[[@B358]\]. The tissue-residing mast cells play many significant roles in several processes such as inflammation, fibrosis, and angiogenesis. In preclinical arthritis, mast cells seem to play a crucial role in inflammation and RA development \[[@B359]\]. In addition to the mast cells and FLS, dendritic cells contributed to the onset of RA pathogenesis. These cells play an important role in both innate and adaptive immune responses when exposed to exogenous antigens, via acting as antigen-presenting cells (APC) \[[@B360], [@B361]\]. Beside dendritic cells, the macrophage as well as B lymphocytes also work as antigen-presenting cells. They can process and present the arthritic antigens to T lymphocytes \[[@B362]\]. Two major serological autoantibodies which are defined as diagnostic markers for RA disease are rheumatoid factor (RF-IgM) and anticitrullinated protein antibodies (ACPA) \[[@B3]\]. It was found that the existence of the circulating autoantibodies such as ACPAs and RF, as well as proinflammatory proteins, including cytokines and chemokines, could be detected during the preclinical stages (\~10 years before) \[[@B358]\]. The APCs expressing the MHC II of HLA-DR4 could bind and present the citrullinated peptides or autoantigens to be recognized by the adaptive immune cells, T and B lymphocytes in the RA joints and lymphatic tissues. CD4^+^ T-helper cells, mainly the Th1 subtype are activated and release IL-2 and IFN-*γ* which cross into the synovial membrane inducing joint inflammation. Likewise, B cells are involved in the pathogenicity of RA via antigen presentation to T cells and production of autoantibodies such RF and ACCP \[[@B361]\]. B cells have been involved in the production of ACPAs many years before the onset of RA \[[@B363]\], whereas, Th1 cells have an important role in mediating rheumatoid arthritis. Recently, another subtype of T cells (Th17) are focused to play a major role in RA inflammation. As detailed above, the Th17 lymphocytes produce many proinflammatory cytokines such as IL-17A, IL-17F, IL-21, IL-22, and TNF-*α* \[[@B184], [@B364]\]. TGF-*β*, IL-1*β*, IL-6, IL-21, and IL-23 stimulate the differentiation of Th17 from native T cells and inhibit the differentiation of the regulatory T cells (Tregs), thus the hemostasis is shifting towards inflammation \[[@B365]\].

TNF-*α* is reflected by this imbalance between Th17 and Treg cells where it shares in blocking the Treg cell activity \[[@B366]\]. The Th17 cells are reduced in the established RA due to their plasticity to other T cells. This reduction resulted from the shifting to Th1 or Treg cells \[[@B333], [@B367]\]. As described before, in addition to antibody production, B cells have a significant role in the pathogenesis of RA through acting as an antigen-presenting cell and through cytokine production (e.g., IL-6, TNF-*α*, and LT-*β*) \[[@B368]\]. Interlukine-6 (IL-6) plays an important role in the inflammation of RA. In chronic RA inflammation, IL-6 contributed to the adaptive immunity as it stimulates the differentiation of B cells into plasma cells resulting in hypergammaglobulinemia of the autoantibody. In addition, IL-6 induces the differentiation of T cells into cytotoxic CD8^+^ T cells. On the other hand, IL-6 inhibits Treg cell differentiation which disrupted the immunological tolerance and development of autoimmunity. Furthermore, IL-6 is involved in different processes of acute inflammation by the induction of acute-phase protein such as C-reactive protein (CRP) \[[@B369]\]. Other immune cells such as monocytes and granulocytes also infiltrate the synovium and contribute to joint destruction. The production of ACCP will cause the continuation of joint inflammation and increase the chronicity and severity of RA \[[@B370]\].

### 5.4.5. Classification Criteria of RA {#sec5.4.5}

RA diagnosis is performed according to clinical symptoms and diagnostic tests, including serology, radiology, and histopathology investigations \[[@B371]\]. The RA diagnosis could be complicated in the initial stages of disease due to the lack of the laboratory and radiology evidences \[[@B372]\]. The clinical symptoms of RA can be categorized as articular and extraarticular, and patients might present different symptoms such as fever, weakness, tiredness, muscle pain, and weight loss before the initial articular manifestations \[[@B373]\]. In the articular manifestation, the basic synovial inflammation could target any synovial joint in the body \[[@B371]\]. Clinically, patients are suffering pain, swelling, and impaired movement of the impacted joints associated with the physical appearance of heat, ruddiness, and effusion at the affected joints. These findings could be observed in less deeper joints such as hand joints, feet, and elbow, rather than deep joints (hip and shoulder) \[[@B373]\].

In the extraarticular manifestations of RA, the most common complaints include pleuropulmonary, cardiac, neurological, and dermatological conditions. These findings could be reported in advanced stages in association with rheumatoid nodules and high positive serology of RF and ACCP \[[@B374], [@B375]\]. The classification criteria for rheumatoid arthritis were established by the American College of Rheumatology (ACR) in 1987 \[[@B376]\]. These criteria were used to distinguish between RA and other rheumatic diseases ([Table 5](#tab5){ref-type="table"}). These criteria also have been argued for their insensitivity in the early stage \[[@B377]--[@B379]\].

In 2010, the combination of the criteria of the American College of Rheumatology (ACR) and the criteria of the European League Against Rheumatism (EULAR) produced a new RA classification criteria, known as the 2010 ACR/European League Against Rheumatism (EULAR) criteria. Recently, ACPA has been more specific than RF in the diagnosis of RA, but they have comparable sensitivity. These new criteria include more specific evidences and focus on the early diagnosis of RA improved by the presence of ACPA \[[@B379]\]. These new criteria considered individuals susceptible for inflammation progression and erosive disease and indicated the possibility of early treatment that could help in the prevention of the disease development \[[@B380]\]. The new ACR/EULAR classification criteria ([Table 9](#tab9){ref-type="table"}) can be used for the diagnosis of any patient, but it requires the presence of clinical synovial tissue inflammation of one joint at least at the time of examination which is not related or linked to another disease \[[@B371]\].

### 5.4.6. Rheumatoid Arthritis in Saudi Arabia {#sec5.4.6}

According to the Arab Society of Rheumatic Diseases, the number of the RA cases in Saudi Arabia is about 250,000 cases for 2011, and there are around 1/3000 new cases annually (<https://www.okaz.com.sa/article/385561>). Different studies have been focused on the status of RA in the Kingdom of Saudi Arabia. Studies were performed in two regions; Al-Qassim and Hail regions. In patients with negative RA family history, these studies showed a prevalence of RA in females more than in males with a high incidence in the fourth and the third decade of life mainly over 35 years. A high number of the patients involved in these studies were reported to complain of morning stiffness and inflammation mostly at the knee joint. Other most common joints involved were proximal interphalangeal joints (PIJ), metacarpophalangeal joints (MCP), wrists, and elbows \[[@B381], [@B382]\]. It is necessary to know the burden of RA in the Kingdom of Saudi Arabia (KSA), because the disease has been known to put an economic load on the health sector and on the community as well. Unfortunately, the degree of RA in the whole Saudi population is not fully estimated \[[@B382]\]. However, the disease has been demonstrated to be the most frequent inflammatory arthritis among the hospital attendants in KSA, and seems to be less intense than those of developed countries \[[@B381]\].

6. Citrullinated Proteins Are a Target for Circulating Autoantibodies {#sec6}
=====================================================================

As mentioned before, the secreted antibodies recognize the modified amino acid citrulline within the targeted protein, and these autoantibodies directed to the citrullinated peptides or proteins are known as anticitrullinated peptide antibodies (ACPA) \[[@B383]\]. The breakthrough of ACPA in 1960 was a very important discovery that helped in the diagnosis, organization, and treatment of the most common autoimmune disorders, especially rheumatoid arthritis (RA) \[[@B384], [@B385]\]. In the synovium of RA patients, multiple citrullinated proteins were detected to produce an antigenic peptide that can induce a humoral response and the subsequent production of autoantibodies. The most abundant modified proteins in RA synovial tissue are vimentin, fibrinogen, collagen II, and *α*-enolase \[[@B386]\]. Each of these proteins has been characterized to have many citrullinate sites that act as antigens \[[@B330]\]. It is important to note that filaggrin is not present in the synovial joint compared with the other proteins \[[@B387]--[@B391]\]. Indeed, autoantibodies against filaggrin cannot trigger the autoimmunity in synovium directly, but they can bind to synovial proteins such as *α* and *β* chains of fibrin and then they can produce cross-reactivity \[[@B349], [@B392]\]. Collagen II and fibrinogen are extracellular proteins, whereas vimentin and *α*-enolase are detected intracellularly, with the exception of vimentin which could be found extracellularly. It is found abundantly in monocytes, and it could be secreted by activated macrophages \[[@B393]\].

6.1. Anticitrullinated Peptide Antibodies (ACPA) Are a Marker for RA {#sec6.1}
--------------------------------------------------------------------

The ACPAs could react to the citrullinated form of several proteins, including *α* and *β* chains of fibrin (fibrinogen), *α*-enolase, vimentin, collagen II, fibronectin, filaggrin, and nuclear proteins such as histones \[[@B386], [@B394], [@B395]\]. Different types of ACPA have been recognized and characterized for evaluating the presence of autoantibodies in RA patients\' serum such as antikeratin antibodies (AKA), antiperinuclear factor antibodies (APF), anti-Sa, anti-CCP, and anti-MCV. Antikeratin antibodies (AKA) and antiperinuclear factor antibodies (APF) that were discovered in 1960 \[[@B385]\] are considered the oldest member of this ACPA family which are used for RA laboratory diagnosis. AKA and APF have a limited specificity because they can react with citrullinated filaggrin as antifilaggrin antibodies (AFA). Laboratory tests such as immunofluorescence assays have been used to detect the presence of AFA in RA sera. The results showed that about 50% of the cases presented positive signals for AFA \[[@B370]\]. Autoantibodies against placenta Sa-antigen (Anti-Sa) have been earlier used for the diagnosis of RA \[[@B396]\]. These antibodies, which later correspond to citrullinated vimentin (not mutated), were evaluated using serum from RA patients and were found to be detected in approximately 40% of the severe cases \[[@B397]\]. The results showed that about 50% of the cases presented positive signals for AFA \[[@B370]\]. Autoantibodies against placenta Sa-antigen (Anti-Sa) have been earlier used for the diagnosis of RA \[[@B396]\]. These antibodies, which later correspond to citrullinated vimentin (not mutated), were evaluated using serum from RA patients and were found to be detected in approximately 40% of the severe cases \[[@B398]\]. In 2010, the ACR/EULAR classification criteria involved the ACPAs as biomarkers, especially the anti-CCP beside the RF \[[@B379]\]. The combination of RF and anti-CCP fuel the diagnostic sensitivity and specificity and give an early prognosis for the RA development, which is improved by the positivity for anti-CCP, which could be detected in the patient\'s serum up to 10 years before the appearance of clinical symptoms \[[@B399]\]. RF is a diagnostic marker for RA autoimmune diseases. The RF-IgM is the most detectable isotype and its sensitivity can reach 80% \[[@B400]\]. Indeed, RF has low specificity due to its presence in healthy individuals and in other autoimmune disorders and infectious diseases \[[@B14]\].

6.2. Anticyclic Citrullinated Peptide Assay for the Detection of ACPAs {#sec6.2}
----------------------------------------------------------------------

A new technical assay that uses commercially synthesized cyclic citrullinated peptides as antigens is now available for the testing and detection of ACPA and is known as the anti-CCP test \[[@B401]\]. There are many advantages of using cyclic citrullinated peptides as antigens for anti-CCP; the cyclic form of the synthesized peptides increases antigen stability and test accuracy \[[@B402]\]. In addition, the manufacturing of CCP is easy and inexpensive \[[@B370]\]. The first generation of anti-CCP testing (anti-CCP1) was available on the market in 2000. It used a synthesized cyclic form of citrullinated filaggrin \[[@B392]\]. The anti-CCP1 testing of RA patients\' sera was evaluated in the laboratory using the ELISA immunoassay procedure, and it revealed a sensitivity that reaches 60-70% and a specificity of 97-98% \[[@B397], [@B402]\]. The most important features of the diagnostic markers should include the high sensitivity for detecting a large number of cases, high specificity for minimizing the false-positive results, and the early appearance to predict the early diagnosis \[[@B370]\]. According to these required features in the diagnostic assay, the second generation of the anti-CCP testing kit (anti-CCP2) was developed in 2002 to increase the sensitivity \[[@B403], [@B404]\]. Because the synthesized filaggrin used in anti-CCP1 is not a synovial protein, a lot of efforts have been exerted to produce inclusive peptides other than filaggrin that contain a wide range of epitopes for the detection of ACPAs \[[@B405]\]. Several specific synthetic peptides were obtained from a synthetic peptide library \[[@B14]\] which had been screened and pooled with the serum of RA patients to develop the second generation of CCP (anti-CCP2). The anti-CCP2 generation displays specificity and sensitivity of 98% and 80%, respectively, which is higher than anti-CCP1 and similar to that of RF \[[@B406]\]. Now, anti-CCP2 is recognized as the gold standard method using IgG for the detection of ACPAs \[[@B407], [@B408]\]. Recently, different manufacturers produced a new generation (third) of cyclic synthesized peptides designated as the anti-CCP3 test \[[@B404]\]. Several reports showed that anti-CCP3 has higher sensitivity than anti-CCP2, especially in a smaller patient population with early RA \[[@B409]\], whereas both anti-CCP2 and anti-CCP3 have a similar specificity \[[@B410]\]. Other reports found that the anti-CCP3 is more prevalent than anti-CCP2 in RA patients with negative RF \[[@B343]\]. Recently, a new CCP testing assay was manufactured and offered to the market as anti-CCP3.1; this generation has the ability to detect IgG and IgA isotypes of ACPAs. Anti-CCP3.1 is reported by companies to have a slightly increased sensitivity compared to previously released generations \[[@B410]\].

6.3. Antimutated Citrullinated Vimentin (Anti-MCV) {#sec6.3}
--------------------------------------------------

Vimentin is an intermediate filament present in the synovial tissues, and it can be modified by PAD enzymes and expressed in the RA synovium as Sa-antigen corresponding to citrullinated vimentin (CV). Sa-antigen could be triggered by autoimmune antibodies known as anti-Sa antibodies, which could be used as markers for RA diagnosis, but with low sensitivity (40% of RA patients) \[[@B411]--[@B414]\]. Another isoform of the vimentin protein was characterized and demonstrated by a mass-spectroscopy technique; this vimentin appeared to have a mutation and citrullination at the same time. The glycine residue mutated into arginine, while arginine is citrullinated to produce antigenic mutated citrullinated vimentin (MCV) peptide. Thus, MCV has the ability to trigger the production of autoantibodies against MCV protein. These ACPAs are named antimutated citrullinated vimentin (anti-MCV) antibodies and recognized as a diagnostic marker for early RA. Accordingly, vimentin was mutated and citrullinated to yield commercially the MCV peptide used for testing anti-MCV \[[@B415]\]. An expanded meta-analysis performed in 2010 showed that the anti-MCV assay for RA sera has an elevated sensitivity and low specificity when compared to an anti-CCP testing assay \[[@B416]\]. Other studies reported the presence of an anti-MCV IgG isotype in RA patients with a negative RF and anti-CCP \[[@B417]\]. Moreover, reports had confirmed that the anti-MCV are highly correlated with anti-CCP2 rather than RF \[[@B418]\].

6.4. Evaluation of the Significance of ACPAs in the Diagnosis of RA in Saudi Patients {#sec6.4}
-------------------------------------------------------------------------------------

In Saudi Arabia, a few studies were performed on RA patients concerning the anticitrullinated peptide antibodies (anti-CCP, anti-MCV) and investigated the presence of these autoantibodies in association with other factors and clinical evidence. One of these studies assessed the prevalence of anti-cyclic citrullinated peptide antibodies (anti-CCP) in Saudi RA patients of negative RF. Patients\' sera with increased disease activity were screened for anti-CCP2, and the results revealed that anti-CCP antibodies were present in some patients but were absent in others with the same disease severity. This finding may raise a conclusion that the anti-CCP cannot be used alone to predict disease activity or to manage treatment of RA patients \[[@B419]\]. Another study was concerned with the association between the genetic risk factor and the development of anti-CCP antibodies in Saudi RA patients. HLA typing was performed to detect the presence of HLA-DRB1 shared epitopes (SE), which is known as a genetic risk factor contributing to RA. The results obtained indicated that there is a high association between the development of anti-CCP and the presence of HLA-DRB1 shared epitopes in Saudi patients with RA \[[@B420]\]. In addition, the prevalence of anti-MCV antibodies in combination with RF was evaluated in both national and international patients. The results showed that there is a considerable presence of anti-MCV antibodies in patients with positive RF. Thus, this indicated that anti-MCV antibodies correlated with RF are a valuable diagnostic marker for RA \[[@B421]\].

7. Conclusion {#sec7}
=============

The citrullination process is induced by different factors and catalyzed by peptidylarginine deiminase enzymes, resulting in the chemical and physical changes of the targeted peptides or proteins. The products of this process are citrullinated proteins, which contain a nonessential amino acid, citrulline. The immune system can recognize the deiminated or citrullinated proteins as nonself-antigens and so mount an autoimmune response. This autoimmune response yielded anticitrullinated peptide autoantibodies (ACPAs) which lead to the destruction of these proteins and their surrounding tissues causing differential pathological autoimmune disorders. The pathological effects of this process include the degeneration of the central nervous system such as in Alzheimer\'s disease, inflammatory disease such as rheumatoid arthritis, and other autoimmune disorders. In addition to the clinical investigation of the patients, a serological examination for the presence of ACPAs is very helpful in the early diagnosis of autoimmune disorders, especially in RA patients.
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![The chemical reaction of (a) citrullination and (b) carbamylation.](JIR2019-7592851.001){#fig1}

![PAD gene cluster organization. Ideograms showing the location and orientation of the PAD gene clusters of human chromosome 1, mouse chromosome 4, and rat chromosome 5.](JIR2019-7592851.002){#fig2}

![(a) Myelinated nerve fiber is shown with salutatory conduction of action potential. (b) Transverse section of myelinated axon at the internode. (c) Bilayer membranes and with integrated MBP and PLP. (d) Phosphatidylethanolamine (PE).](JIR2019-7592851.003){#fig3}

![The role of MBP citrullination involved in MS pathogenesis.](JIR2019-7592851.004){#fig4}

![Cross-section of the human brain: normal individual brain (left) and brain from an AD patient (right). Overall shrinkage of brain tissue seen in AD brain with observed expanded sulci and shrinkage of the gyri. In addition, the ventricles seen to be enlarged.](JIR2019-7592851.005){#fig5}

![Schematic cross-section of BBB showing the cerebral capillary associated with vascular cells (pericytes and endothelial cells), glial cells (astrocytes), and neurons.](JIR2019-7592851.006){#fig6}

![Normal brain (left) and AD brain (right) showing the extracellular (*β*-amyloid plaques) and intracellular (neurofibrillary tangles).](JIR2019-7592851.007){#fig7}

![Neutrophil extracellular traps (NETs).](JIR2019-7592851.008){#fig8}

![Immune dysregulation in SLE. Above: balanced immune tolerance between T-effector cells and Tregs. Below: insufficiency and deficiency of Tregs result in autoimmunity.](JIR2019-7592851.009){#fig9}

![Schematic view of (a) normal joint and (b) RA joint.](JIR2019-7592851.010){#fig10}

###### 

Protein shape and arginine position effect on citrullination efficiency.

  Arginine position         Kinetic of citrullination                      Protein shape   Kinetics of citrullination
  ------------------------- ---------------------------------------------- --------------- --------------------------------------------
  N-Arg-Glu-C               Hardly citrullinated                           *α*-Helix       Difficult to be citrullinated
  N-Arg-Asp-C               Highly and efficiently citrullination (100%)   *β*-Turn        The most liable form for citrullination
  N-Arg-Arg-C               Arg near C-terminus excluding MBP case         Disordered      Easily and efficiently citrullinated (95%)
  N-Pro-Arg-Pro-C           Never citrullinated                            *β*-Sheet       No data available
  Arg close to N-terminus   Difficult to be citrullinated                                  

###### 

Percentage of similarity (homology) between PADs, isoelectric point (*pI*), and calculated molecular mass (kDa) of human PADs.

  \% homology   PAD1   PAD2   PAD3   PAD4   PAD6   Pl     kDa
  ------------- ------ ------ ------ ------ ------ ------ ------
  PAD1          100    65     68     71     59     6.01   74.6
  PAD2                 100    67     65     59     5.4    75.3
  PAD3                        100    68     60     5.25   74.6
  PAD4                                      61     6.25   74.0
  PAD6                                      100    4.97   77.7

###### 

Body distribution, target substrates, and normal physiology and pathology of PADs.

  Isotype   Expression                                                                                   Substrates                                                                     Biological process                                                                                                                             Pathological process
  --------- -------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------
  PAD1      Epidermis and uterus                                                                         Keratin K1 and filaggrin                                                       Cornification of epidermal tissues                                                                                                             Psoriasis
  PAD2      Widely expressed: pituitary gland, brain, uterus, spleen, spinal cord, and skeletal muscle   MBP, GFAP, vimentin, and *β* and *γ*-actin histones (H3 and H4)                Plasticity of the CNS, transcription regulation, innate immunity, and female fertility                                                         Multiple sclerosis, rheumatoid arthritis, Alzheimer\'s disease, and prion disease
  PAD3      Epidermis and hair follicles                                                                 Filaggrin and trichohyalin                                                     Regulation of epidermal functions                                                                                                              Unknown
  PAD4      Neutrophils, monocytes, macrophages, mammary glands, epithelial cells, and tumors            Histones H2A, H3, and H4; ING4; p300/CBP; nucleophosmin; and nuclear Lamin C   Chromatin decondensation, transcription regulation, tumor formation, innate immune response, and NETosis process                               Rheumatoid arthritis, multiple sclerosis, and cancers
  PAD6      Eggs, ovary, early fetus, and testis tissues                                                 Protamine                                                                      Ovocyte, sperm chromatin decondensation, female productivity, cytoskeleton formation, early fetal growth, and target for contraceptive drugs   Unknown

###### 

Major characteristics of MS courses as classified by \[[@B131]\].

  Clinical form                                                                          Disease course
  -------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clinically isolated syndrome (CIS)                                                     Identified by acute or subacute onset of monophasic episode suggestive of MS that does not complete the current MS criteria. The episode persists for more than 24 h and commonly impacts the optic nerve, brain stem, or spinal cord
  About 30% up to 70% of the CIS cases obtain MS                                         
  About 10%-85% of patients with optic neuritis can develop MS                           
  About 50%-60% of patients with brainstem syndromes and optic neuritis can develop MS   
  About 40%-60% of patients with spinal cord can develop MS                              
  The age of initial diagnosis is between 20 and 45 years                                
  Women to men ratio ranging from 2 : 1 to 5 : 1                                         
                                                                                         
  Relapsing-remitting MS (RRMS)                                                          Manifested by relapses persisting for days to weeks, followed by complete or partial remissions continuing for months or years
  Represents about 85% of cases                                                          
  The age of initial diagnosis between 20 and 30 years                                   
  Women to men ratio between 2 : 1 and 3 : 1                                             
                                                                                         
  Secondary progressive MS (SPMS)                                                        Manifested by increasing of disability after the first relapsing period of the disease
  About 75% of RRMS cases developed into SPMS within the first 15 years of diagnosis     
                                                                                         
  Primary progressive MS (PPMS)                                                          Identified by constant functional deterioration from the beginning of the disease
  Represent about 15% of cases                                                           
  Appears after RRMS (10 years)                                                          
  Women to men ratio 1 : 1                                                               

###### 

Classification criteria for rheumatoid arthritis established by the American College of Rheumatology (ACR) in 1987.

  Criteria                             Definition
  ------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------
  Morning stiffness                    Morning stiffness persisting at least 1 hour before maximal progression
  Arthritis of 3 or more joint areas   Presence of swelling in three or more joints, including the right or left PIP, MCP, wrist, elbow, knee, ankle, and MTP joints
  Arthritis of hand joints             Swelling of one or more of hand joints, including wrist, MCP, or PIP joint
  Symmetric arthritis                  Concomitant involvement of the same joint areas on both sides of the body
  Rheumatoid nodules                   Clinical observation of subcutaneous nodules over bony prominences, extensor surfaces, or in juxta-articular bones as seen by a physician
  Serum rheumatoid factor              Positive or elevated level of serum rheumatoid factor measured by laboratory method
  Radiographic changes                 Radiographic changes involve erosions in joint on posteroanterior hand and wrist, also displaying thinning of juxta-articular region

###### 

Saudi population (65 years and over) organized by age groups.

  Age groups   Males     Females   Total
  ------------ --------- --------- ---------
  65-69        150,777   159,582   310,359
  70-74        10,005    112,813   222,818
  75-79        71,142    72,937    144,079
  Above 80     85,468    91,557    177,025
  Total        417,392   436,889   854,281

###### 

Saudi population (65 years and over) by age groups and chronic diseases.

  Age groups   Alzheimer disease   Diabetes mellitus   Hypertension   Heart disease   Kidney disease
  ------------ ------------------- ------------------- -------------- --------------- ----------------
  65-69        410                 108,765             105,450        23,070          6122
  70-74        2802                90,796              82,160         22,779          3775
  75-79        2541                64,079              65,473         15,678          3358
  Above 80     7590                68,902              76,751         27,808          5076
  Total        13,343              332,542             329,834        89,335          18,331

###### 

The immunological parameters included in the Systemic Lupus International Collaborating Clinics (SLICC) criteria.

  Serological test                                                Result description
  --------------------------------------------------------------- -----------------------------------------------------
  Antinuclear antibody (ANA)                                      Positive (exceeds reference range)
  Anti-double-stranded antibody (anti-ds)                         Positive (exceeds reference range)
  Anti-Smith antibody (anti-Sm)                                   Positive for anti-Sm
  Antiphospholipid antibody                                       
  \(i\) Lupus anticoagulant antibody (LA)                         Positive for LA
  \(ii\) Antibodies against cardiolipin (aCL)                     Medium-high titer for aCL (IgG, IgA, and IgM)
  \(iii\) Antibodies against *β*2 glycoprotein I (anti-*β*2GPI)   Positive for anti-*β*2GPI (IgG, IgA, and IgM)
  \(iv\) Rapid plasma regain (RPR)                                False positive (in the absence of hemolytic anemia)
  Complements                                                     Low level of C3, C4, or CHO50
  Direct Coombs\' test (DCT)                                      Positive (clumping of RBCs)

###### 

2010 ACR/EULAR classification criteria for rheumatoid arthritis. A score ≥ 6 is required for the diagnosis of a patient with confirmed RA.

  Joint involvement                                              Score (0-5)   Serology                                     Score (0-3)   Period of symptoms   Score (0-1)   Acute-phase reactants           Score (0-1)
  -------------------------------------------------------------- ------------- -------------------------------------------- ------------- -------------------- ------------- ------------------------------- -------------
  1 large joint                                                  0             Negative RF and negative ACPA                0             \<6 weeks            0             Normal level of CRP and ESR     0
  2--10 large joints                                             1             Strong positive RF or week positive ACPA     2             ≥6 weeks             1             Abnormal level of CRP and ESR   1
  1--3 small joints (with or without accounting large joints)    2             Strong positive RF or strong positive ACPA   3                                                                                
  4--10 small joints (with or without accounting large joints)   3                                                                                                                                           
  \>10 joints (with minimum 1 small joint)                       5                                                                                                                                           

###### 

Distribution and incidence of RA.

  Studied group                  Incidence ratio
  ------------------------------ ------------------------
  Females vs males               2 : 1 to 3 : 1
  Caucasian from North America   100 case per 100,000
  Rural and urban Africans       20-90 case per 100,000
  Native Americans               500 case per 100,000
  Asians                         20-45 case per 100,000
  Caucasian from Europe          5-89 case per 100,000
  Latin America                  10-50 case per 100,000
  Middle East countries          10-50 case per 100,000
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